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Abstract 
The action of the DNA repair enzyme alkyladenine DNA glycosylase (AAG), as part of the Base 
Excision Repair pathway, on alkylation-induced DNA damage has been shown in mice to lead to cell 
death in the retina, spleen, thymus and cerebellum. The action of AAG has also been linked to damage 
caused by ischaemia/reperfusion (I/R) events in liver, brain and kidney.  
As a result, small molecule inhibitors of AAG are required for ongoing studies into the biological 
mechanism of this cellular damage, as well as to become potential drug leads for some types of retinal 
degeneration, I/R-related tissue damage, or as protective agents for patients undergoing alkylative 
chemotherapy and showing an increased AAG activity. They could also serve the opposite effect, acting 
as an alkylating agent (TMZ) sensitiser in paediatric glioblastoma (GBM). 
Two DNA oligomers, containing etheno-cytidine or an abasic pyrrolidine, are reported in the literature 
to show potent AAG inhibition in vitro. Unfortunately, their size and the charged nature of DNA chains 
makes them unsuitable for use as potential drug leads in vivo, as they would show low membrane 
permeability and face degradation by nucleases. However, the motifs present in these oligomers, 
together with examination of the enzyme active site, led to the conception of two types of small drug-
like pyrrolidine-based inhibitor candidates termed 2-(hydroxymethyl)pyrrolidines and 4-
(hydroxymethyl)pyrrolidines. 
The synthetic routes to these inhibitor candidates have been studied and optimised. That to the 2-
(hydroxymethyl)pyrrolidines failed at the final step of attachment of DNA base-mimicking aryl groups. 
However, five 4-(hydroxymethyl)pyrrolidines nucleoside mimetics were successfully synthesised, 
bearing imidazole and pyridine groups to represent a DNA base. These were subsequently tested in 
vitro against AAG in a surface-bound hairpin loop colorimetric DNA oligomer assay. The most 
promising candidate, (+)-395, showed an IC50 of 157 µM corresponding to a ligand efficiency of 0.37 
kcal·mol-1·heavy atom-1. Due to its low molecular weight (197 g·mol-1), this inhibitor constitutes a 
viable starting point for a future lead optimisation programme. 
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1. Introduction 
1.1. General introduction 
Alkyladenine DNA glycosylase (AAG) is one of the enzymes involved in the base excision repair 
(BER) pathway, which protects against alkylative and oxidative DNA damage. Damaged bases must 
be replaced to avoid potential dysfunctional protein translation, cell death or cancer generation. AAG 
is one of the glycosylase enzymes responsible for BER initiation, as it promotes hydrolytic cleavage of 
the N-glycosidic bond between the modified nucleobase and the corresponding deoxyribose. AAG’s 
action leaves behind an abasic site, which is filled with the correct DNA base by downstream enzymes.1  
Despite its beneficial role in DNA repair, AAG overactivity has been linked to alkylation-induced 
retinal degeneration and subsequent blindness in mice.2 It also causes alkylation-induced cell damage 
in rapidly proliferating tissues such as spleen, thymus and bone marrow, as well as pancreas and 
cerebellum.3 In addition, the action of AAG contributes to damage caused by ischaemia/reperfusion 
(I/R) events in liver, brain and kidney.4 Finally, absence of AAG (Aag -/-) in paediatric glioblastoma cell 
lines causes an increase in sensitivity to alkylative chemotherapeutics (TMZ).5  
Due to the cases described above, an inhibitor of AAG could serve as a probe to study the biological 
mechanism by which DNA damage-induced cell death takes place. It could also be used as a protective 
agent for patients undergoing alkylating chemotherapy, or as a treatment for diseases involving I/R 
events such as stroke or liver failure. In some cases, an inhibitor of AAG could be used in conjunction 
with alkylative chemotherapy to act as a sensitiser.  
Two DNA oligomers containing etheno-cytidine (εC) or an abasic pyrrolidine nucleotide have been 
shown to exhibit strong AAG inhibition in vitro (Kd of 21 ± 3 nM and 23 ± 4 pM respectively).6, 7 
However, they are not suitable as potential drug leads in vivo, as they would be hydrolysed by nucleases 
before reaching their target and poorly absorbed across cell membranes. Nonetheless, they were the 
starting points to the ligand-based inhibitor design presented in this thesis, which led to two molecular 
classes of nucleoside mimetics based on the pyrrolidine motif. 
Therefore, the aim of this project was the design and synthesis of several pyrrolidine nucleoside 
analogues, whose activity was tested against the enzyme AAG.  
This chapter firstly provides an overview of DNA damage and repair mechanisms. Secondly, it presents 
the enzyme of interest, AAG, and the rationale behind its inhibition. Then, the naturally occurring 
inhibitors of AAG are reviewed, and the design of pyrrolidine-based nucleotide mimetics is explained. 
Finally, the chapter focusses in the synthetic approaches to pyrrolidines found in the literature, which 
led to the design of the synthetic routes chosen for this project.  
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1.2. DNA damage 
It is estimated that exogenous and endogenous DNA damaging agents contribute to the formation of 
approximately 10,000 DNA base lesions per day in each of our cells.8, 9 If unrepaired, once replication 
takes place these DNA modifications are a possible source of mutations, which can be the starting point 
for genetic diseases, including cancer. They can also interfere or block the normal action of RNA and 
DNA polymerases, leading to strand breaks, lack of fidelity in replication or transcription and even cell 
death. DNA damage can have an exogenous, environmental origin or it can occur as a consequence of 
normal cell metabolism: the different sources of DNA damage are described in the following sections. 
1.2.1. Radiation 
One of the first environmental sources of DNA damage to be discovered and later used in cancer 
treatment was ionising radiation.10 Ionising radiation (alpha, beta, gamma, neutrons and X-rays) can 
affect DNA directly by promoting the formation of single strand breaks (SSBs) and double strand breaks 
(DSBs).11 It can also generate reactive oxygen species (ROS), through water radiolysis, which interact 
with the DNA leading to depurination, depolymerisation, crosslinking and strand breakage.12 
Ultraviolet radiation is another potentially harmful source: UVB radiation (295-320 nm) affects 
pyrimidine bases (thymine and cytosine in DNA) causing the formation of covalent bonds to 
neighbouring molecules, giving mainly cyclobutane pyrimidine dimers (CPD) 1, pyrimidine (6-4) 
pyrimidone photoproducts 2 and Dewar valence isomers 3 (Scheme 1).13 Cyclobutane dimers 1 are 
produced through a [2+2] cycloaddition between the double bonds of two adjacent pyrimidines, giving 
only the cis,syn diastereoisomer in DNA due to steric constraints.14 If a [2+2] cycloaddition takes place 
from a double bond of one pyrimidine to a carbonyl of another, the intermediate oxetane 4 is formed, 
which leads to the ring-opened form 2. If a second photon is absorbed, Dewar valence isomers 3 are 
generated. The same reactions can occur involving the amino group of thymine, in this case leading to 
an azetidine intermediate and subsequent amino products.  
Despite being less energetic, UVA radiation (320-400 nm) has also been linked to such lesions. It also 
leads to the oxidation of DNA bases (8-oxoguanine) caused by the excitation of endogenous 
chromophores and production of ROS.15  
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Scheme 1: Formation of DNA photoproducts by ultraviolet radiation15 
1.2.2. Exogenous chemicals 
1.2.2.1. Polycyclic aromatic hydrocarbons (PAHs) 
Exposure to polycyclic aromatic hydrocarbons (PAHs), ubiquitous contaminants formed during 
incomplete combustion processes, can lead to DNA alkylation. These highly lipophilic and unreactive 
molecules undergo metabolic activation to generate electrophilic intermediates which are prone to 
attack by the exocyclic amino groups of guanine and adenine.16 Scheme 2 shows this process using 
benzo[a]pyrene (3, B[a]P) as an example. 
 
Scheme 2: Metabolic activation of B[a]P to benzo[a]pyrene 7,8-dihydrodiol 9,10 epoxide and subsequent adduct formation 
with guanine16 
1.2.2.2. Aromatic amines 
Aromatic amines, found in cigarette smoke, drugs, fuels, pesticides and dyes, are another example of 
exogenous genotoxic chemicals.17 Their interaction with DNA has been widely studied, especially in 
the case of 2-aminofluorene (AF, 4) and N-acetyl-aminofluorene (AAF, 5), which were used as 
insecticides before being withdrawn from the market due to their carcinogenic properties (Figure 1).18  
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Figure 1: 2-Aminofluorene (AF, 4) and N-acetyl-aminofluorene (AAF, 5) 
Aminofluorenes undergo metabolic activation through the P450 monooxygenase system to give N-
hydroxy-2-aminofluorene 6, which is then converted to the more reactive sulfonoxy 7 or acetoxy 8 
derivatives. These products react preferentially with guanine on C8 to give the corresponding DNA 
adducts 9, which can lead to base substitutions and frameshift mutations.19 Scheme 3 shows this process 
for 2-aminofluorene (AF, 4). 
 
Scheme 3: Metabolic activation of 2-aminofluorene (AF, 4) and formation of DNA adduct N-(deoxsyguanosin-8-yl)-2-
aminofluorene (dG-C8-AF, 9)19 
The mechanism of formation of C8-guanyl aromatic amine adducts 9 consists of an initial N7 alkylation 
followed by a rearrangement to yield the C8 adduct via an ylide intermediate 12 (Scheme 4). The 
mechanism was proposed by Humphreys et al. after successfully isolating the N7-alkylated adduct of 
guanine and 4.20 
 
Scheme 4: Proposed mechanism for the formation of C8-guanyl aromatic amine adducts by Humphreys et al. 
1.2.2.3. DNA damaging agents used in chemotherapy 
The harmful nature of some chemical agents to DNA has been used to advantage in chemotherapy. The 
first reports date back to 1942, when a patient with non-Hodgkin’s lymphoma treated with a nitrogen 
mustard showed temporary tumour regression.21 Nitrogen mustards are analogues of the sulphur 
mustard gas used in chemical warfare, which, according to autopsy findings from soldiers of WWI, 
  1. Introduction 
5 
 
caused lymphoid hypoplasia and myelosuppression. Based on those results, it was hypothesised that 
similar compounds could be of use to treat lymphatic tumours, and this was later confirmed. The first 
nitrogen mustard was mechlorethamine 14, which is still in use today.22 Other examples of improved 
nitrogen mustards with better tumour uptake later developed and in clinical use include chlorambucil 
15 (Leukeran ®), and melphalan 16 (Alkeran ®) (Figure 2). 
 
Figure 2: Nitrogen mustards in clinical use mechlorethamine (14), chlorambucil (15) and melphalan (16) 
The mechanism of action of nitrogen mustards also involves DNA alkylation: they first undergo the 
formation of an alkylating intermediate aziridinium ion 18 (leading them to be classified as SN1 
alkylating agents), which then reacts preferentially with the N7 site of guanine.23 Moreover, as these 
compounds possess a second chloroethyl moiety (they are bifunctional alkylating agents), a subsequent 
nucleophilic attack by another DNA base can lead to a DNA interstrand or intrastrand crosslink 21. If 
the second nucleophile is a protein, a DNA-protein complex 22 is generated (Scheme 5). These different 
adducts disrupt the normal action of DNA polymerases, and as a consequence, induce apoptosis.  
 
Scheme 5: DNA alkylation and cross-linking by nitrogen mustards23 
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A wide range of mono- and bifunctional alkylating chemotherapeutics was designed based on the initial 
success of nitrogen mustards (Figure 3).24 The different electrophiles used include aziridines 
(triethylenemelamine 22,   triaziquone 23),25, 26 compounds which form intermediate epoxides 
(mitobronitol 24),27 and methanesulfonates (busulphan 25, piposulphan 26).28  Formation of inter and 
intrastrand crosslinks is a mechanism of action shared with platinum complexes such as cisplatin 27 
and carboplatin 28,29 developed later and used mainly in the treatment of ovarian, testicular and bladder 
cancer. 
 
Figure 3: Examples of alkylating and metallating agents used in cancer chemotherapy 
1.2.3. Endogenous sources of DNA damage 
In addition to the numerous external threats faced by the cell, those arising from its own metabolism 
need to be considered. Endogenous sources of DNA damage include hydrolysis, exposure to reactive 
oxygen species (ROS) and other reactive metabolites. The following table shows the main types of 
DNA modifications caused by endogenous sources, as well as the estimated frequency at which they 
occur (Table 1). The following sections describe the main types of endogenous DNA damaging agents. 
Table 1: DNA damage types caused by endogenous sources and their estimated frequency 
DNA Damage Estimated frequency (per cell per day) 
8-Oxoguanine 2,80030 
Depurination 12,00031 
Depyrimidation 60031 
Cytosine deamination 19232 
Single strand breaks 55,20032 
Double strand breaks 5033 
O6-Methylguanine 10-3034 
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1.2.3.1. Reactive oxygen species (ROS) 
Oxidative stress is defined as the imbalance that takes place in the cell when the generation of reactive 
oxygen species (ROS) overwhelms the different enzymatic and non-enzymatic antioxidants able to 
reduce or destroy such molecules, leading to a disruption of redox signalling and control and/or 
molecular damage.35 ROS are generated as by-products of normal cell metabolism and include 
superoxide radical (O2-), hydroxyl radical (OH), singlet oxygen (1O2) and hydrogen peroxide (H2O2). 
Although the majority of ROS production takes place in the mitochondria as a consequence of cellular 
respiration, leakage of H2O2 contributes to base oxidation, formation of SSBs, DSBs and generation of 
apurinic/apyrimidinic (AP) sites in the DNA.36 It is thought that H2O2 acts as a diffusible species that 
generates the much more reactive OH in situ through the Fenton reaction, which involves a transition 
metal ion, generally iron (Scheme 6).37 
 
Scheme 6: Generation of hydroxyl radical through Fenton reaction 
One of the most important oxidative processes that takes place (2,800 per cell per day) is the formation 
of 7, 8-dihydro-8-oxoguanine (8-oxoG, 29). This oxidised base is strongly mutagenic: if unrepaired, its 
ability to mispair with adenine (A) leads to G:CT:A transversion 30 (Scheme 7). 
 
Scheme 7: Formation of 8-oxoG and subsequent G:C  T:A transversion 
1.2.3.2. Lipid peroxidation products 
In addition to direct oxidation of DNA bases, ROS are involved in the generation of secondary oxidised 
products, such as lipid peroxidation products, can also affect DNA. Lipid hydroperoxides are formed 
through oxidation of polyunsaturated fatty acids (PUFAs), which are highly sensitive to oxidative 
species. They are then reduced by glutathione peroxidase to the corresponding unreactive alcohols. 
However, they can also become reactive aldehydes such as acrolein 31, crotonaldehyde 32, 4-
hydroxynonenal (HNE) 33 and malondialdehyde (MDA) 34 (Figure 4).38 
 
Figure 4: Chemical structures of acrolein 31, crotonaldehyde 32, HNE 33 and MDA 34 
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These compounds were studied by Esterbauer et al, as they damage DNA by forming exocyclic adducts 
with DNA bases (Figure 5).39, 40 In particular, 33 is considered the most toxic product: its toxicity has 
been related to medical conditions such as atherosclerosis,41 Alzheimer’s or Parkinson’s diseases.42 
MDA 34 is the most mutagenic to human cells: its presence led to a 15-fold increase in mutation 
frequency in human fibroblasts compared to untreated DNA.40, 43  
 
Figure 5: Structures of lipid peroxidation-induced exocyclic DNA adducts. Abbreviations: CdG, crotonaldehyde-
deoxyguanosine; AdG, acrolein-deoxyguanosine; M1dG, pyrimido(1,2-a)purine-10(3H)-one-2’-deoxyribose; N2,3dG, N2,3-
etheno-2’-deoxyguanosine; 1,N2dG, 1N2-etheno-2’-deoxyguanosine; dA, 1,N6-etheno-2′-deoxyadenosine;dC, 3,N4-
etheno-2’-deoxycytidine40 
The different aldehydes can either react directly with DNA to form propano adducts 37, or they can be 
oxidised to epoxyaldehydes, which are much more reactive towards DNA. In the latter case, they then 
form etheno adducts 41 with DNA bases. Proposed mechanisms for the formation of propano and 
etheno adducts are shown in Scheme 8.44 
 
Scheme 8: Formation of lipid peroxidation-induced exocyclic propano and etheno DNA adducts with dG and dA44 
Ethenylated bases such as εA, εC or 1,N2εG mainly lead to base pair substitution mutations. For 
example, εA is known to be highly mutagenic and cause A:TG:C transitions and A:TC:G or 
A:TT:A transversions.45, 46 It can additionally cause strand breaks, as it leads to a ~10 fold increase 
in the activity of topoisomerases IIα and β, responsible for DNA scission.47  
1.2.3.3. DNA methylation 
The most common alkylation process triggered by endogenous agents is DNA methylation, as it plays 
a vital role in the regulation of gene expression by gene silencing.48 S-adenosylmethionine (SAM) acts 
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as a methyl donor in this process, which is catalysed by SAM-dependent methyltransferases (MTases). 
However, SAM can also spontaneously methylate DNA and thus contributes to endogenous DNA 
damage. Based on in vitro results, it is thought that SAM generates 4,000 7-methylguanine (7-MeG), 
600 3-methyladenine (3-MeA) and 10-30 O6-methylguanine (O6-MeG) residues per cell per day in 
vivo.34 
 
Figure 6: S-Adenosylmethionine (SAM) and methylated bases 7-MeG, 3-MeA and O6-MeG 
From the methylated bases presented above, O6-MeG is mutagenic, due to the modification of hydrogen 
bonding properties of guanine after methylation. As a result, it leads to G:C→A:T transitions 42 
(Scheme 9). 
 
Scheme 9: G:C→A:T transition caused by O6-methylation on G 
1.3. DNA repair 
If unrepaired, the different DNA lesions presented above could result in the formation of mutations or 
block replication and transcription, eventually leading to cell death. As a consequence, several repair 
pathways have evolved to give a coordinated response to DNA damage and effectively restore DNA 
integrity. Some lesions, such as O6-MeG, can be reversed by the action of a single enzyme (O6-
alkylguanine DNA alkyltransferase (AGT/MGMT)).49 However, in most cases, a sequence of catalytic 
events with multiple enzymes is required. For instance, in mismatch repair (MMR), detection of base 
mispairing triggers the generation of a SSB, followed by the combined action of exonuclease, 
polymerase and ligase enzymes to seal the break with the correct nucleotide. 
The nucleotide excision repair (NER) pathway is responsible for the repair of helix-distorting base 
lesions such as cyclobutane pyrimidine dimers and pyrimidine (6-4) pyrimidone photoproducts, 
produced by UV radiation, or strand crosslinking caused by bifunctional alkylating agents and 
metallating agents. NER operates by excising a 22-30 base oligonucleotide containing the damaged 
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region of DNA, leaving behind a SSB which is repaired by the corresponding DNA polymerases and 
ligases.50 
The base excision repair (BER) pathway corrects those non-bulky lesions affecting single DNA bases 
which do not involve DNA helix distortions. They include base oxidation, deamination, alkylation and 
formation of AP sites. BER will be reviewed in detail in the following section, as the enzyme of interest 
in this thesis, alkyladenine DNA glycosylase (AAG), is one of several that can initiate this pathway. 
1.4. Base excision repair (BER)  
The BER pathway can be classified in two sub-pathways, short-patch BER (SP-BER) and long-patch 
BER (LP-BER). In SP-BER, the repair synthesis step proceeds by incorporation of a single nucleotide, 
whereas in LP-BER, a 2-13 base oligonucleotide is synthesised. 
BER requires the concerted work of four enzymes: a DNA glycosylase, an AP endonuclease or AP 
DNA lyase, a DNA polymerase and a DNA ligase. The process can be divided into five enzymatic steps 
which are indicated in Figure 7 and described below. 
 
Figure 7: Single nucleotide base excision repair (SN-BER) pathway 
The pathway starts with the recognition and removal of the substrate base by a DNA glycosylase (1). 
These enzymes catalyse the cleavage of the N-glycosidic bond between the damaged base and the 
corresponding deoxyribose, and can be classified as mono-functional or bifunctional depending on their 
mechanism of action and their function.  
Whereas mono-functional glycosylases require a water molecule to act as the nucleophile in the 
hydrolysis reaction, bifunctional glycosylases use an amine moiety present in their active site. In terms 
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of function, bifunctional glycosylases show additional β-lyase activity: they not only hydrolyse the N-
glycosidic bond but also cleave the phosphodiester bond in the DNA backbone, creating a SSB.51 
After base excision by a mono-functional glycosylase, an abasic (AP) site is left, which is recognised 
by apurinic/apyrimidinic endonuclease 1 (APE1). APE1 creates a SSB by hydrolysing the 
phosphodiester backbone at the 5’-side of the AP site (2). This leaves a gap between a 3’-hydroxyl and 
a 5’-deoxyribose phosphate (dRP). 
The blocking dRP group needs to be removed by a lyase so that ligation can eventually occur. In 
humans, Polβ has evolved to have dRP lyase activity, and it is the enzyme responsible for dRP group 
removal (3).52 Polβ action leaves a nucleotide gap with a 5’-PO4- terminus, which can be used by DNA 
ligase for nick sealing after a new nucleotide is added. 
In SP-BER, Polβ is responsible for the repair synthesis step, which incorporates the correct single 
deoxynucleotide starting from the 3’-OH terminus (4). In LP-BER, incorporation of multiple 
nucleotides is mediated by Polδ and Polε, followed by the action of flap endonuclease 1 (FEN1), which 
cleaves the redundant DNA, creating a ligatable substrate.1 
Finally, DNA ligases restore strand integrity by generating a covalent phosphodiester bond between the 
3’-OH and the 5’PO4- termini (5). This step is catalysed by ligase I (LIGI) in LP-BER or by the ligase 
IIIα (LIGIIIα)/XRCC1 complex in SP-BER. 
1.5. Alkyladenine DNA glycosylase (AAG) 
Alkyladenine DNA glycosylase (AAG), also known as alkyl-N-purine-DNA glycosylase (ANPG) or 
N-methylpurine DNA glycosylase (MPG) is a monofunctional glycosylase which can carry out the base 
excision step of the BER pathway. It is the human counterpart of E. coli AlkA enzyme, and the only 
human glycosylase that can act on alkylative DNA base damage. 
 
Figure 8: Alkyladenine DNA glycosylase (AAG) substrates 
AAG recognises and removes a wide range of purine lesions. These include bases damaged by 
alkylation (3-MeA, 3-MeG and 7-MeG), oxidation (8-oxoG), spontaneous deamination (hypoxanthine, 
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Hx) and ethenylation (dA, 1,N2-εG) (Figure 8). This broad specificity is unusual, given that other 
human glycosylases such as uracil DNA N-glycosylase (UNG) and thymine DNA glycosylase (TDG) 
are specific for a single substrate.53, 54 
1.5.1. AAG substrate specificity  
The substrate specificity shown by UNG and TDG is in good agreement with the reduced size of their 
active site, which is only able to accommodate and interact with their unique substrates. On the contrary, 
AAG must be able to accommodate a wide variety of different damaged bases while avoiding 
structurally similar healthy bases (~1 lesion in 1 million healthy bases).  
Berg et al. and Schurr et al. proposed that DNA-binding proteins do not search for binding sites via 
strict three dimensional search, but instead involve tracking along DNA in a one-dimensional search.55, 
56 This movement was later characterised as a sliding mechanism combined with rotation around the 
DNA axis. By rotating around the strand while sliding, the DNA-binding face of the protein stays in 
contact with DNA during the search.57 Short-range dissociation-association events, known as 
“hopping”, allow the enzyme to avoid obstacles during the search and investigate both DNA strands 
simultaneously. 
Crystallographic studies performed by Setser et al. consistent with previously reported fluorescence-
based kinetic studies58 led to the characterisation of a lower-affinity conformation of AAG, which is 
responsible for the one-dimensional search for lesions along the DNA strand.59 This conformation bears 
an active site with disordered residues, which become ordered as a lesion is recognised, leading to a 
high affinity complex with DNA and to base excision if the lesion is a substrate.  Once the base is 
flipped into the enzyme active site, a tyrosine residue (Tyr162) is intercalated in the DNA to maintain 
its double helical structure, while the lesion nucleoside is flipped into the enzyme active site. This 
flipping mechanism is common in all DNA glycosylases and is shown in Figure 9. However, the residue 
employed for intercalation varies with different glycosylases, - a histidine or a leucine can be found 
fulfilling the same function.60  
Base flipping could be involved in substrate recognition, as the process might be more energetically 
favourable for damaged bases than for normal nucleotides.61 Regardless of the damaged base, its base 
pair has an impact on base flipping: O’Brien et al. showed that the rates of AAG-catalysed base excision 
with different opposing bases are inversely related to the stability of the base pair. Therefore, those 
bases found in normal base pairs are less likely to be flipped into the enzyme active site, which 
contributes to the enzyme specificity for damaged or incorrect bases.54  
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Figure 9: Crystal structure of catalytically inactive mutant of human AAG (green) complexed with 1,N6-ethenoadenine-DNA 
(cyan) (PDB: 1EWN)59 
One of the factors that could affect AAG catalytic specificity is the delocalised positive charge found 
in some alkylation-damaged bases (3MeA, 3MeG, 7MeG). This positive charge could lead to a cation-
π interaction with higher binding energy than the π-stacking found with neutral DNA bases. In addition 
to this, a protonated base constitutes a better leaving group compared to a neutral base, so base removal 
would be favoured. However, this hypothesis does not explain AAG’s ability to remove neutral 
damaged DNA bases such as εA, Hx or 8-oxoG. For εA, Lau et al. proposed that the additional surface 
area of the adduct leads to the generation of stronger stacking interactions.61  
Crystallographic studies have shown that the substrate base is held in position via π-stacking with 
Tyr127 and edge-to-face π-stacking with Tyr159 and His136, which also interacts with the phosphate 
group and the damaged base by hydrogen bonding (Figure 10, Figure 13).60 
 
Figure 10: Active site interactions for AAG with an εA substrate deduced from X-ray crystal structures 
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Furthermore, one of the interactions which takes place between AAG and εA is the hydrogen bond 
formed between the backbone amide of His136 and the etheno N6 of εA. The corresponding healthy 
base A presents a 6-amino group in the equivalent position, which is unable to accept a hydrogen bond 
due to delocalisation of its lone pair into the aromatic ring. In contrast, G and Hx are both hydrogen 
bond acceptors for His136 in O6, but G bears an exocyclic amino group which causes a steric clash with 
Asn169. Hx lacks such an exocyclic group, and therefore fits snuggly in the enzyme active site.  
 
Figure 11: Interactions between His136 and Asn169 with different purines 
The lack of hydrogen bond or steric clash seen for A or G are the same for alkylated bases 3MeA, 3MeG 
and 7MeG, yet they are substrates of AAG. It is proposed that the higher reactivity of methylpurines 
due to their protonated state negates the requirement for hydrogen bonding with His136 or outweighs 
the detrimental steric clash with Asn169. 
1.5.2. AAG mechanism of glycolysis 
The mechanism of action of mono-functional glycosylases involves a nucleophilic water molecule, 
which attacks the anomeric carbon of the deoxyribose moiety leading to base removal by hydrolysis. 
Specifically, two different mechanisms of nucleobase hydrolysis have been proposed, which vary 
depending on the glycosylase and the leaving group (Scheme 10).  
 
Scheme 10: Possible DNA glycosylase-catalysed mechanisms of nucleobase hydrolysis from DNA 
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In the SN1 mechanism, a discrete oxocarbenium ion intermediate 45 is formed and two transition states 
(TSs) are proposed, one for leaving group departure 44 and another for nucleophile approach 46. For 
AAG, an SN2 mechanism is proposed, for reasons discussed below, which has a single oxacarbenium 
ion-like TS 47, with leaving group departure concerted with nucleophile approach.  
The mechanism of action of glycosylases usually involves leaving group activation. Purines (e.g. 49, 
Figure 12) are susceptible to acid catalysis by means of N-protonation at N3 or N7. Despite being less 
likely, pyrimidines can also be activated by acid catalysis, in this case by protonation at O4 or O2. 
However, the well-documented pyrimidine glycosylase UNG catalyses uracil departure as an anion 50 
(Figure 12), whose negative charge is stabilised by delocalisation into the carbonyl.62  
 
Figure 12: Purine leaving group activation by acid catalysis (49) and pyrimidine ring departure as anion (50)62 
In AAG, a general acid-catalysed mechanism is responsible for discriminating against pyrimidines, 
smaller bases than purines, which can bind to the enzyme active site but are not cleaved. Specifically, 
protonation is likely to occur at N7 of the corresponding purine (Scheme 11): mutation experiments 
showed that an oligonucleotide containing 7-deazahypoxanthine (with C instead of N at the 7-position 
of Hx) led to no detectable glycosylase activity. However, this does not constitute definitive proof, as 
the modification could have other detrimental effects on hydrolysis such as negative charge 
destabilisation. The source of protonation is unclear: mutation experiments affecting the candidate 
residues His136, Tyr159 and Tyr127 did not cause significant decreases in turnover rate, which suggests 
that multiple pathways for base protonation could coexist.63 
 
Scheme 11: General base and acid catalysts involved in the glycolysis of εA63 
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Together with leaving group activation, in many glycosylases there is a nucleophile activation step prior 
to attack. In AAG, the nucleophilic water molecule is oriented towards the anomeric carbon of the 
deoxyribose by hydrogen bonding with the nearby residues Arg182, Val262 and Glu125. Glu125 acts 
as the general base catalyst: it is responsible for the deprotonation of the catalytic water molecule, 
forming the hydroxyl needed to cleave the N-glycosidic bond via a backside displacement mechanism 
(Scheme 11). Mutation of this residue to Gln or Ala resulted in a ≥ 16,000-fold decrease in turnover 
rate with εA and a ≥ 8000-fold decrease with 7MeG.54 The different residues forming the active site 
together with the nucleophilic water molecule which attacks the deoxyribose anomeric carbon can be 
seen in the X-ray co-crystal structure shown in Figure 13. 
 
Figure 13: Residues forming AAG’s binding pocket (green) and εA lesion (cyan) (PDB 1F4R). 
In summary, AAG substrate specificity is thought to be a consequence of a multi-layered strategy 
evolved to discriminate against unmodified bases. Firstly, base flipping is more likely to occur with the 
less stable base pairs. Secondly, once in the enzyme active site, a general acid-catalysed mechanism 
excludes pyrimidine bases, which are able to bind but are not excised. Finally, specific interactions or 
steric clashes with different residues discriminate against undamaged purines A and G.  
1.5.3. Reasons to develop inhibitors of AAG 
Despite its crucial role in DNA repair, BER needs to be tightly regulated. Alterations in different steps 
of the pathway caused by enzyme overexpression, unless compensated for by the downstream steps, 
can lead to an accumulation of BER intermediates. Coordination between the different BER enzymes 
is achieved by the enzyme poly(ADP-ribose) polymerase (Parp-1), which detects SSBs and catalyses 
the addition of long branched polymers of ADP-ribose (PAR) to several nuclear proteins in order to 
relax chromatin and facilitate the access of repair enzymes to the repair site. Moreover, it recruits the 
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different downstream enzymes needed to complete the pathway, thus reducing the number of SSBs 
present.  
Intermediates such as AP sites and SSBs are cytotoxic, as they can block replication and transcription 
leading to cell death.64 These detrimental consequences of an imbalanced BER pathway were first 
stablished in bacteria studies. Kaasen et al. showed that increased glycosylase (AlkA) levels had a 
correlation with an increased sensitivity to the alkylating agent methyl methanesulfonate (MMS).65 
Building on those results, a similar correlation was observed for AAG in several mammalian cell lines, 
including breast and ovarian cancer cells and mouse embryonic fibroblasts (MEFs).66, 67 This fact 
suggested that altered levels of AAG expression could have an impact on cancer treatment using 
alkylating chemotherapy. 
The next stage in BER imbalance research was the generation of AAG knockout (Aag -/-) transgenic 
mice and mice with increased AAG levels (AagTg). These animal models provided evidence for how 
an imbalanced BER pathway may affect human health. The results of different studies using these 
models are reviewed in the following sections. 
1.5.3.1. Retinal degeneration 
Retinitis pigmentosa (RP) groups a range of hereditary retinal diseases which involve rod and cone 
photoreceptor cell death. Photoreceptor necrosis leads to retinal degeneration and eventual blindness. It 
has been linked to excessive light exposure, in a process that stimulates shedding of rod outer segments 
and posterior phagocytosis by retinal pigment epithelium, causing the generation of ROS and RNS. 
Treatment with DNA alkylating agents such as methyl nitrosourea (MNU) has also been shown in mice 
to induce retinal degeneration via the generation of adducts 7-MeG, O6-MeG and 3-MeA.68  
Meira et al. were the first to show in vivo that AAG plays a key role in modulating the response to 
alkylation-induced damage, in their case retinal degeneration.2 In the study, a sublethal dose of the 
alkylating agent methyl methanosulfonate (MMS) was administered to both wild-type and Aag -/- mice.  
Strikingly, those rodents with AAG deficiency were protected from alkylation-induced retinal 
degeneration. This fact was confirmed when reintroduction of AAG into Aag -/- mice led to 
photoreceptor cell death. Moreover, AagTg, genetically modified to show a ~4-fold increase in AAG 
activity compared to wild-type mice, showed an extreme sensitivity to alkylation-induced retinal 
degeneration. It was hypothesised that the generation of toxic BER intermediates was responsible for 
the death of photoreceptors, which was consistent with previous studies and with the higher number of 
AP sites found in wild-type and AagTg retinas compared to Aag -/- after MMS treatment.69 
Interestingly, retinal degeneration was only observed in the photoreceptors located in the outer nuclear 
layer (ONL) but not in the adjacent layers of the retina. While it may be possible that a lower dose of 
MMS was received by the rest of the retina, it is more likely that photoreceptor cells in the ONL show 
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lower activity of the downstream BER enzymes, unable to cope with the intermediates generated by 
AAG in both wild-type and AagTg after MMS treatment.  
The results from this study suggest that an inhibitor of AAG would be of use for those individuals 
undergoing alkylative chemotherapy and suffering from retinal degeneration as a consequence of an 
imbalanced BER. 
1.5.3.2. Alkylation-mediated cell death in other tissues 
The disparity shown by different retina photoreceptors to alkylation-mediated cell death is consistent 
with the fact that only some cell types and tissues are sensitive to AAG-mediated alkylation toxicity. 
Specifically, studies published by Calvo et al. showed that AAG overexpression (AagTg) leads to 
increased MMS sensitivity in thymus, spleen, bone marrow, pancreas and cerebellum, whereas Aag -/- 
mice showed resistance or displayed no change in sensitivity to MMS treatment.3 On the contrary, 
tissues with ~5 to 8 fold increase in AAG activity (e.g. heart, kidney, liver) did not experience any 
change in alkylation sensitivity. Furthermore, in later studies it was seen that AAG deficiency could 
lead to MMS hypersensitivity in Aag -/- embryonic stem cells and MEFs.70, 71 The main hypothesis to 
explain this variability is the insufficient activity of downstream BER enzymes shown by the sensitive 
cell types. 
Calvo et al. also showed that AAG-mediated alkylation toxicity occurred in a Parp-1-dependent 
manner, as MMS hypersensitivity was completely supressed in Parp-1 knockout mice (Parp-1 -/-). The 
same effect was observed when PARP inhibitors were used after MMS treatment to AagTg mice in 
retina and cerebellum.72 It is thought that the absence or inhibition of PARP prevents cell death after 
MMS treatment by avoiding NAD+ and ATP depletion, which occur in those cases where PARP is 
hyperactive following a surge in SSB formation.  
However, PARP inhibitors can have the opposite effect, that is, promote the formation of SSBs and 
eventual cell death after SSB formation due to BER downstream enzyme lack of activation. For that 
reason, some PARP inhibitors (Olaparib, Rucaparib) have been approved for use against BRCA-mutant 
ovarian cancer, while others (Talazoparib, Veliparib) are currently in advanced clinical trials for the 
treatment of several tumours, either alone or as part of combination therapy with other 
chemotherapeutics.  
1.5.3.3. Ischemia reperfusion injury 
Ischaemia/reperfusion (I/R) events are common in health conditions such as stroke, liver or kidney 
failure, myocardial infarction, circulatory shock, sickle cell disease and organ transplantations. They 
consist of periods of low blood supply to a certain tissue causing a lack of oxygen (ischaemia) followed 
by a restoration of blood circulation (reperfusion).73 During reperfusion, inflammation and oxidative 
damage are caused by the sudden burst of RONS generated at the tissue.74 As seen in Section 1.2.3, 
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RONS can lead to the formation of DNA lesions either by direct oxidation or by the generation of lipid 
peroxidation products. As a result, I/R events trigger different DNA repair pathways, mainly BER, 
responsible for the treatment of oxidative DNA damage.75 
Different DNA glycosylases such as Ung, Neil1 or Ogg1 (whose substrates are uracil, oxidised 
pyrimidines and 8-oxoG) have been shown to protect against brain tissue damage after ischemic 
conditions or I/R events.76-78 Ebrahimkhani et al. studied the role of the AAG-initiated BER pathway 
had in I/R events.4 To do so, wild-type and Aag -/- mice were subjected to 90-min liver ischaemia 
followed by 24 h reperfusion. Surprisingly, the areas showing hepatic necrosis in wt mice were 
significantly larger than those found in Aag -/- mice. Moreover, lactate dehydrogenase levels, which are 
used as a hepatic injury marker, were consistent with the necrosis results. Hepatic toxicity was 
correlated with the accumulation of BER intermediates, as Aag -/- liver DNA showed half as many abasic 
sites as wt liver DNA. The fact that AAG has a broad range of substrates and generates a high number 
of BER intermediates, including the highly toxic dRP, was used as a hypothesis to explain the difference 
between AAG and Ung/Ogg1/Neil1 initiated repair. 
A similar trend to that seen in liver tissue was observed for I/R events studied in brain and kidney, 
suggesting that AAG-initiated BER contributes to I/R mediated damage in multiple tissues. For that 
reason, AAG inhibition is seen as a suitable target for I/R-related tissue damage treatment.  
1.5.3.4. Paediatric glioblastoma and colorectal cancer 
Glioblastoma (GBM) is the most common brain tumour found in adults. The alkylating agent 
Temozolomide (TMZ) has proven to be a successful treatment in combination with radiation therapy.79 
However, its use in children is more controversial, as studies have revealed that TMZ has little or no 
effect in paediatric GBM patients.80 Moreover, genetic differences have been detected between 
paediatric and adult GBM, which suggests that alternative treatments need to be investigated for 
paediatric GBM. 
Agnihotri et al. studied the influence of the AAG-initiated BER pathway on TMZ resistance during 
paediatric GBM treatment. They showed that the absence of AAG (Aag -/-) in paediatric GBM cell lines 
led to an increase in TMZ sensitivity.5 Sensitivity to alkylation was detected as a reduction in cell counts 
compared to control cell lines and also as an increase in DNA damage (increased number of DSBs by 
γH2AX and comet assay). Re-expression of AAG led to an increase in resistance to the treatment. 
Furthermore, the expression levels of AAG and other BER enzymes in paediatric GMB samples were 
compared to those in normal brain. The results showed that mRNAs encoding AAG, APEX1, APEX2, 
and XRCC1 were significantly upregulated in paediatric GMB samples. 
Given these results, Agnihotri et al. suggested that a small molecule inhibitor of AAG would be a useful 
tool to be employed against paediatric GMB in combination with alkylative chemotherapy. 
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Colorectal cancer (CRC) is the third most common type of cancer, with 1 million new cases diagnosed 
every year.81 Usual chemotherapeutic agents for CRC include 5-fluorouracil (5-FU) and its prodrug 
capecitabine, which act by depleting thymidine precursor levels, leading to the misincorporation of 
FdUTP (5-FdUrd triphosphate) into DNA, hence inhibiting DNA synthesis and slowing the growth of 
tumour tissue. It is known that DNA repair mechanisms, such as BER and MMR, play a key role in 
dictating CRC tumour response to chemotherapy.82 Leguisamo et al. recently found that BER genes are 
upregulated in the majority of CRC cases.83 Moreover, they showed that AAG overexpression was 
linked to CRC cell sensitisation to 5-FU and TMZ. Overexpression of other enzymes present in later 
BER steps did not cause significant changes in patient survival. 
Therefore, AAG inhibition is not seen as a suitable strategy for CRC therapy. Instead, assessing AAG 
expression levels in CRC could be useful in order to choose an effective chemotherapeutic for each 
case. 
In summary, an inhibitor for AAG could be used to treat alkylation-induced retinal degeneration or as 
a chemoprotective for those patients undergoing alkylative chemotherapy and showing an upregulation 
of AAG activity. It could also be used to prevent cell death in those diseases which involve I/R events 
such as stroke, liver failure or organ transplants. Finally, it could be used to accomplish the opposite 
effect, serving as an alkylating agent (TMZ) sensitiser in paediatric GBM. The production of inhibitors 
designed to sensitise cells to DNA-damaging drugs by targeting different BER enzymes has progressed 
greatly over the last few years.84 PARP-1 inhibitors are the most successful example, with several 
candidates in late clinical trials. However, a successful drug-like, small-molecule inhibitor of AAG, 
which would target the starting point of the BER pathway, has not been produced yet.  
1.6. Published DNA oligomers showing AAG inhibition 
In this work, the strategy followed to create different AAG inhibitor candidates was ligand-based drug 
design. In the following sections, the published inhibitory DNA oligomers on which this is based are 
described. The motifs present in these oligomers, together with examination of the enzyme active site, 
led to the conception of the proposed inhibitor candidates. 
1.6.1. 3,N4-Ethenocytosine-containing DNA oligomer (εC) 
The ethenylated base 3,N4-ethenocytosine, generated by lipid peroxidation products, is usually removed 
in humans by the mismatch-specific thymine-DNA glycosylase (hTDG). The same function can be 
carried out by methyl-CpG binding domain protein (MBD4/MED1) and single-stranded 
monofunctional uracil-DNA glycosylase (SMUG1).85, 86 AAG binds εC with a 2-fold greater affinity 
than it binds to substrate εA.6 However, once in the enzyme active site, εC can’t be excised, giving an 
abortive enzyme-DNA complex. The strong binding interaction between AAG and the naturally-
occurring inhibitor εC prevents other glycosylases from acting on the damaged base. Studies by Gros 
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et al. showed that the adduct is also responsible for blocking DNA polymerase activity, as it blocks 
primer extension by the Klenow fragment of DNA polymerase I.87 
Crystallographic studies by Lingaraju et al. of AAG in complex with ɛC-DNA showed that ɛC occupies 
an almost identical position as the substrate ɛA in the enzyme active site. To perform the study, 13-mer 
and 25-mer duplexes containing an ɛA:T (ɛA paired opposite T) lesion were compared to the 
homologous duplexes with ɛC:G (ɛC paired opposite G). AAG bound the ɛC:G duplex with ~2 fold 
higher affinity (Kd = 21 ± 3 nM) than the ɛA:G duplex (Kd = 46 ± 6 nM). This higher binding affinity 
was attributed to an additional hydrogen bond between the carboxamide nitrogen of Asn169 and O2 of 
ɛC. The hypothesis was confirmed after observing that mutant forms of AAG with leucine or alanine in 
place of Asn169 showed ~2 and ~4-fold reduced affinity for the εC:G oligonucleotide respectively.  
As seen in Section 1.5.1, the mechanism of action of AAG involves leaving group activation, which in 
purines is mediated by acid catalysis by means of protonation at N3 or N7. In εA, stabilisation of the 
protonated form occurs via a hydrogen bond between N7H and the backbone carbonyl oxygen of 
Ala134.6 εC inhibition is due to the inability of AAG to protonate the base, which lacks a nitrogen at 
the position corresponding to N7 of εA, and instead contains a carbon atom (C5) (Figure 14). It was also 
determined that the εC:G 25-mer duplex bound to AAG with ~2-fold higher affinity compared to the 
εC:G 13-mer duplex, indicating that binding affinity increased with the length of the DNA duplex. 
 
Figure 14: Crystal structure of the AAG-εC inhibitor complex (amino acid carbons in cyan; DNA carbons in yellow) (PDB 
ID: 3QI5) overlaid with the AAG-εA substrate complex (amino acid carbons in green; DNA carbons in white) (PDB ID: 
1EWN) 
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1.6.2. Abasic pyrrolidine-containing DNA oligomer 
During their search for a general inhibitor of DNA glycosylases, Schärer et al. used a design based on 
a model for the cationic transition state of the reaction that takes place in those enzymes. In their early 
work, electron-withdrawing fluorine groups were introduced to the deoxyribose moiety of εA 
nucleotides to lower the reaction rates by destabilising the transition state positive charge. These 
oligonucleotides containing fluorinated ethenoadenine (FεA) were found to decrease the binding 
strength to AAG by only 0.4 kcal·mol-1 (25 °C) compared to εA, while leading to no cleavage observed 
even after 24 h of incubation with a 2.5-fold molar excess of AAG.88  
In a different approach, they used oxocarbenium transition state mimics. Duplex oligonucleotides 
containing a pyrrolidine abasic site analog (PYR) were synthesised, with the idea that the pyrrolidine 
moiety would be protonated at physiological pH, mimicking the protonated abasic transition state. The 
binding of these potential inhibitors was compared to that of a 25-mer duplex containing a 
tetrahydrofuran analog (THF), which would remain uncharged at physiological pH. (Figure 15). 
 
Figure 15: Proposed transition state and inhibitors designed by Schärer et al. 
It was found that the PYR-containing oligonucleotides were inhibitors for all the DNA glycosylases 
tested except for UNG.  For AAG, a dissociation constant (Kd) of 23 ± 4 pM was measured using 
electrophoretic mobility shift assay (EMSA), which detects the changes in mobility between protein-
bound and unbound DNA.7 As expected, the THF-containing oligomer showed a higher Kd, of 160 ± 
65 pM. Inhibition by PYR-containing oligomers was confirmed by measuring the AAG-catalysed 
release of methylated bases from [3H]dimethyl sulfate-treated calf thymus DNA. Increasing 
concentration of inhibitor led to non-detectable quantities of methylated bases, whose concentration 
remained constant when using an unmodified DNA oligomer as a control. 
In 1998, Lau et al. published the crystal structure of AAG complexed to a PYR-containing duplex 
oligomer, which was used to characterise AAG’s active site and mechanism of action (Figure 16).60 
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Figure 16:  Crystal structure of the AAG-PYR inhibitor complex (amino acid carbons in cyan; DNA carbons in purple) 
(PDB ID: 1F6O) overlaid with that of the AAG-εA substrate complex (amino acid carbons in green; DNA carbons in white) 
(PDB ID: 1EWN) 
As hypothesised by Schärer et al., the crystal structure revealed that the protonated nitrogen participates 
in a hydrogen bonding network between the residues forming the active site and the catalytic water 
molecule, contributing to a strong binding to AAG. The pyrrolidine nitrogen is in close proximity to 
the catalytic water molecule compared to the ribose oxygen in an εA oligonucleotide. However, this 
fact could be attributed to the larger size of the εA base filling the enzyme pocket and displacing the 
oxygen instead of the PYR nitrogen twisting to maximise hydrogen bonding. In fact, the PYR nitrogen 
adopts a similar position to that seen for the ribose oxygen of nucleotides with smaller bases such as 
εC. 
Regardless, the protonated PYR moiety stablishes a cationic hydrogen bond interaction which leads to 
a strong binding with AAG, while also mimicking the reaction transition state. For that reason, 
substitution of the deoxyribose ring for a pyrrolidine ring was deemed a good strategy when designing 
the small molecule inhibitor candidates for this project. 
1.7. Design of proposed small molecule inhibitor candidates 
Despite the promising inhibition shown by the PYR and εC oligomers, their length and the charged 
nature of DNA makes them unsuitable for use as probes or potential drug leads in vivo. Low membrane 
permeability and degradation by nuclease action are the main problems that they would face once 
administered. However, the chemical motifs in these oligomers could be useful guides for the design of 
a small molecule inhibitor. In the first attempt to achieve such a goal in our group, Chu took the εC 
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oligomer as a model and synthesised ethenocytidine nucleoside 52 and three phosphate derivatives (53-
55), including εC nucleotide 55 (Scheme 12).89 Selective primary alcohol phosphorylation was achieved 
using dibenzyl iodophosphate, which was followed by hydrogenolysis. This selective phosphorylation, 
developed by Ladame et al, had never been applied to nucleosides before.90 
 
Scheme 12: Synthesis of εC and phosphate derivatives by Chu et al. 
However, when tested in a fluorescence-based bioassay, the different ethenocytidine derivatives did not 
show any inhibition at concentrations up to 1 mM, highlighting the importance of the interactions of 
the rest of the DNA chain in the two inhibitory oligomers. 
In an effort to increase binding of a single-nucleoside size molecule, a different approach was taken: 
the PYR-containing oligonucleotide was used as a model and two types of inhibitor candidates were 
designed (Figure 17). They both contain a pyrrolidine moiety and a lesioned base analogue (Ar). 
However, they differ in the position occupied by the pyrrolidine nitrogen. While 2-(hydroxymethyl)-
pyrrolidines 56 keep the nitrogen in the same position as oxygen in a deoxyribose, 4-(hydroxymethyl)-
pyrrolidines 57 have the nitrogen moved one position around the ring so that it occupies the usual place 
of the anomeric carbon. 
 
Figure 17: proposed small molecule inhibitor candidates 
Similarly to PYR-containing oligomers, the idea behind these candidates’ design is that the secondary 
amines, with a pKa of the corresponding ammonium ions of ~11, become protonated at physiological 
pH. The resulting cation could form a strong hydrogen bonding interaction with both the catalytic water 
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molecule and the residues present in AAG’s active site. Unlike PYR-containing oligomers, the 
pyrrolidine motif is combined with a lesioned base analogue (Ar) to take advantage of the π-stacking 
interactions exhibited between lesioned DNA bases and Tyr127, as well as the edge-to-face π-stacking 
with Tyr159 and His136. It is necessary for this base analogue to be joined to the pyrrolidine ring by a 
C-atom instead of a N-atom to reduce leaving ability and therefore constitute a better inhibitor 
candidate. 
As seen in Section 1.6.2, the published crystal structure of AAG bound to a PYR-containing duplex 
oligomer revealed that the pyrrolidine nitrogen occupies a similar position in the enzyme active site to 
that of the anomeric carbon of εA. With that in mind, in 57 the nitrogen atom was moved one position 
around the ring. The purpose of this idea was to reduce the potential strain caused by the pyrrolidine 
moiety twisting out of its natural position in order to maximise hydrogen bonding with the catalytic 
water molecule. Additionally, this modification could allow bigger base analogues to be used compared 
to 56, which would be able to fit in the enzyme pocket while maximising π-stacking interactions. 
However, after this modification, the resulting tertiary amine joined to the aromatic base analogue 
would have a lower pKa and therefore it would be predominantly unprotonated at physiological pH. For 
that reason, during the design of 57, a methylene spacer was incorporated between the pyrrolidine 
nitrogen and the aryl group.  
1.8. Synthesis of pyrrolidines: background 
Azasugars in general and hydroxypyrrolidines in particular have been widely investigated in the past, 
as they constitute essential building blocks for the synthesis of pyrrolidine alkaloids. Moreover, several 
hydroxypyrrolidines have shown potent glycosidase inhibition, as well as antiviral and antidiabetic 
activity.91-93 
The similarity to nucleosides which these compounds show and their protonated state at physiological 
pH make them promising transition state analogues for a variety of enzymes using nucleotides as their 
substrate. Evans et al. discovered that hydroxypyrrolidine derivatives were especially active as 
transition state analogue inhibitors of purine nucleoside phosphorylases (PNPs).94, 95 Inhibition of PNPs 
leads to a build-up of deoxyguanosine triphosphate (dGTP), which triggers cell death in proliferating 
T-cells. As a consequence, hydroxypyrrolidine derivatives were considered suitable candidates for the 
treatment of T-cell proliferative diseases, such as T-cell leukaemia and lymphoma.96 
In this section, a selection of the different approaches found in the literature to the synthesis of 
(hydroxymethyl)pyrrolidines is discussed. First, the routes available to synthesise the two abasic 
pyrrolidines of interest (Figure 18) are presented. The search is particularly focussed on the different 
synthetic solutions found to include the desired stereochemistry on C3 and C2 (or C4).  
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Figure 18: (2R,3S)-2-(Hydroxymethyl)pyrrolidin-3-ol and (3R,4R)-4-(hydroxymethyl)pyrrolidin-3-ol  
Subsequently, the different strategies to incorporate aryl groups on 58 and 59 are described. For 59, 
several examples show how this step can take place at the end of the synthetic route, with the amine 
group acting as a nucleophile for numerous reactions.  However, for 58, aryl incorporation on C5 must 
occur during the synthesis. 
1.8.1. 2-(hydroxymethyl)pyrrolidines 
1.8.1.1. Synthesis of abasic 2-(hydroxymethyl)pyrrolidine  
The abasic 2-(hydroxymethyl)-pyrrolidine 58 was initially isolated from Castanospermum australe and 
it was given the trivial name castanodiol. One of the first synthetic routes to 58 was published by Hirai 
et al.97 The desired stereochemistry was achieved using Sharpless epoxidation of the cis-allylic alcohol 
61, which was derived from propargyl alcohol. Once the 2,3-epoxy alcohol 62 was generated, 5 
synthetic steps, including the cyclisation of a N-benzoylcarbamate, led to the bicyclic pyrrolidine 
derivative 63. Basic hydrolysis of carbamate 63 gave 64, which was treated with HCl to yield the target 
58.  
 
Scheme 13: Synthesis of pyrrolidine 58 by Hirai et al.97 
Herdeis et al. used L-pyroglutamic acid 65 as their starting material to obtain the enantiopure bicyclic 
amide 6698 in a procedure previously reported by Hamada et al.99 With the lactam in hand, epoxidation 
took place from the less hindered convex side of 66, leading to the formation of a single diastereoisomer 
67 in 65% yield. Reductive ring opening using aluminium-mercury amalgam gave 68, and the amide 
was reduced using borane to yield the benzylpyrrolidine 69. Attempts to apply catalytic hydrogenation 
to 69 led to intractable oils. Therefore, the crystalline Boc-derivative 70 was generated during the 
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hydrogenation, and was later deprotected to give 58. The overall yield of the route was 21% from 66 in 
5 synthetic steps. 
 
Scheme 14: Synthesis of 2-(hydroxymethyl)-3-hydroxy-pyrrolidine 58 by Herdeis et al.98 
Panday and Langlois followed a similar route for their synthesis of (-)-bulgecinine 72.100  The bicyclic 
amide 66 was once again responsible for getting the desired (S)-configuration at C7. This time, reductive 
ring-opening was performed using SmI2 in excellent yield, and the alcohol in 68 was converted to its 
benzoate 63. Unlike Herdeis et al., acidic hydrolysis of 63 led to the ring opening while keeping the 
amide group intact. This fact allowed later cyanide addition and nitrile hydrolysis to give 72, which was 
synthesised from L-pyroglutaminol in 18% overall yield. 
 
Scheme 15: Synthesis of (-)-Bulgecinine by Panday and Langlois100 
L-Pyroglutamic acid is not the only example of a chiral building block being used in the synthesis of 2-
(hydroxymethyl)pyrrolidines. Huwe et al. used vinyl glycine methyl ester 73 as the starting material in 
their synthesis of azasugars. After Cbz protection, the ester group was chemoselectively reduced using 
lithium borohydride in methanol to give (±)-74. The route hinged on a ring-closing olefin metathesis 
step ((±)-75 → (±)-76), which took place in 95% yield. O-protection using trityl chloride gave the 
intermediate (±)-78. 
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Scheme 16: Synthesis of trityl ether 78 by Huwe et al.101 
Trityl ether (±)-78 was a very versatile intermediate, as it allowed the divergent synthesis of three 
different azasugars. Dihydroxylation of the alkene using catalytic OsO4 gave (±)-79, while the epoxide 
generated using MCPBA could be opened regioselectively by either LiBH4/MeOH or hydroxide to yield 
(±)-58 and (±)-80 respectively (Scheme 17). The synthesis to the different 2-
(hydroxymethyl)pyrrolidines was performed in 8-9 steps and had an overall yield ranging from 14% to 
18%. One of the drawbacks of this synthetic route is that the resulting azasugars are produced as racemic 
mixtures. Huwe et al. managed to obtain enantiopure (-)-81 by adding an enzymatic resolution step, as 
well as using stereoselective ring closing metathesis conditions. However, the overall yield was 
decreased to 4% in 11 synthetic steps. 
 
Scheme 17: Divergent synthesis of azasugars by Huwe et al.101 
1.8.1.2. Synthesis of aryl analogues of 2-(hydroxymethyl)pyrrolidines 
So far, the examples reviewed show synthetic approaches to the abasic 2-(hydroxymethyl)pyrrolidine 
58. Examples of 2-(hydroxymethyl)pyrrolidines bearing aryl groups on C2 can also be found in the 
literature. For the synthesis of their PNP inhibitors, Evans et al.used pyrrolidine 82, which treated with 
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N-chlorosuccinimide (NCS) and LiTMP to give the imine 83. Addition of lithiated MeCN to 83 gave 
the cyanomethyl C-glycoside derivative 84 in 85% yield. The cyanomethyl moiety was used as the 
starting point to obtain the substituted pyrrole 85 in 6 synthetic steps. 85 was then used in different 
cyclisation procedures to obtain nucleoside analogues such as 86 and 88.94 
 
Scheme 18: Synthesis of PNP inhibitors 'Immucillins' by Evans et al.94 
As seen, addition of an aryl-lithium to an imine could be a suitable strategy to incorporate the desired 
aryl groups on C2. In addition, according to Evans et al., the desired diastereomer is preferentially 
formed during the reaction. This fact was proven by the X-ray diffraction analysis performed on 86. 
Despite not discussed by Evans et al., it is thought that the convex nature of the bicycle favours si face 
attack on imine 83. 
The previous route was applied to the synthesis of a wide range of 9-deazanucleoside analogues, termed 
‘Immucillins’. They were tested against human bovine and protozoan PNPs and showed picomolar 
activity.102 Since then, several Immucillins have entered clinical trials: Imm-H (forodesine, 
Mundesine®) has recently been approved for treatment of relapsed/refractory peripheral T-Cell 
lymphoma (PTCL) in Japan.103  
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Figure 19: Immucillins synthesised by Evans et al. 
Aryl addition was also the strategy chosen by Kamath et al. to incorporate protected hypoxanthine 90 
on C2 in their synthesis of Imm-H.104 In this case, addition was performed on lactam 89 (Scheme 19) 
 
Scheme 19: Synthesis of Imm-H by Kamath et al.104 
The N,O-protected lactam 89 was produced from L-pyroglutamic acid in 4 steps, as described in 
Herdeis’ procedure. In this case cis-dihydroxylation with OsO4 and subsequent alcohol protection was 
performed on the bicyclic unsaturated lactam 66. Treatment with BBr3 led to the cyclisation and 
deacetylation of 91. 
With the imine 92 isolated, a number of reducing agents were tested on a model substrate 95 to find the 
best conditions leading to the desired β-anomer 96 (Table 2). Experimental results, supported by 
computational studies, showed that the use of bulky reducing agents led predominantly to the undesired 
α-anomer. Finally, the best anomeric ratio was obtained using BH3-Me2S (2:1), which made it their 
reagent of choice.  
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Table 2: Reaction conditions for imine reduction tested by Kamath et al.104 
 
No. Reducing agent β/α ratio 
1 NaCNBH3 1 : 1 
2 L-Selectride + NaCNBH3 1 : 4 
3 R-MeCBS + BH3Me2S 1 : 4 
4 S-MeCBS + BH3Me2S 1 : 4 
5 STAB 1 : 4 
6 NaBH4 1 : 1 
7 BH3·Me2S 2 : 1 
 
1.8.1.3. Proposed synthesis of 2-(hydroxymethyl)pyrrolidines 
After reviewing a selection of synthetic routes to both abasic and aryl analogues of 2-(hydroxymethyl)-
pyrrolidines, the synthesis of 2-(hydroxymethyl)pyrrolidines proposed for this thesis is shown in 
Scheme 20. The key features of the synthetic procedure chosen are the generation of a protected bicyclic 
lactam which forces the subsequent epoxidation to proceed from the desired face, and an aryl addition 
step to incorporate the different aryl groups on C5. 
 
Scheme 20: Proposed synthesis of 2-(hydroxymethyl)pyrrolidines 
L-Pyroglutamic acid 65 is the starting material of choice, which can be esterified and reduced to give 
L-pyroglutaminol 97. Hemiaminal formation using benzaldehyde can provide 98, which should be 
converted to the unsaturated lactam 66 following the synthetic procedure developed by Herdeis et al. 
Epoxidation of 66 using either MCPBA or peroxides should proceed from the less hindered side of the 
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bicycle to give 67.  The corresponding epoxide can be reduced using SmI2 or LiBH4, as seen above, to 
yield 68 with the desired (S)-configuration on C3. Once the key intermediate 68 is attained, hydroxyl 
protection may be required before the next step. Addition of aryl metallics and subsequent reduction 
under the correct conditions should give the desired β-anomer 99. Finally, benzilidene removal can be 
achieved via hydrogenation or trifluoroacetic acid to give the desired pyrrolidine analogues 56. 
1.8.2. 4-(hydroxymethyl)pyrrolidines 
1.8.2.1. Early synthetic approaches 
The first synthesis of 4-(hydroxymethyl)pyrrolidine 59 was reported by Jaeger and Biel (Scheme 21).105 
N-benzylglycinate 100 and ethyl acrylate 101 were used as starting materials in a Michael addition, 
which was followed by a base-catalysed Dieckmann condensation of diester 102.  
Surprisingly, a large excess of sodium borohydride led to the total reduction of the β-keto ester 103 to 
the diol 107. Such “abnormal” reduction had been previously reviewed by Brown and Rapoport for a 
wide range of both aromatic and aliphatic esters, and it was seen as a desirable alternative to stronger 
reducing agents which would react unselectively with other reducible groups present in the molecule.106  
It was concluded that the presence of keto or hydroxyl groups, despite not necessary for the reaction to 
occur, enhanced the ester’s reactivity. Similarly, the use of polar protic solvents reduced the time needed 
for completion. The pyrrolidine of interest 59 was attained as a mixture of cis/trans-isomers after 
hydrogenation. 
 
Scheme 21: Synthesis of 2-hydroxypyrrolidine by Jaeger and Biel105 
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Jaeger and Biel replaced the N-benzyl group by several alkyl and aralkyl moieties (107→109) using 
two different methods. Alkylation followed by hydrogenation was preferred, as it avoided the formation 
of quaternary ammonium salts which takes place in secondary amine alkylation.  
Sorensen et al. synthesised the first aza-C-nucleosides (aza sugars linked by the N-atom to the 
nucleobase at a C-atom).107  To do so, different piperidines and pyrrolidines were reacted with 5-
bromouracil following Philips’108 procedure, which led to the isolation of 5-substituted aminouracils 
such as 110 in excellent yield. The synthesis of precursor 107 was done replicating Jaeger’s route 
(Scheme 22). Unfortunately, most of the aza-C-nucleosides were isolated as mixtures of cis/trans 
diastereoisomers, inseparable by column chromatography on alumina oxide or silica gel. For this 
reason, synthetic routes developed later used starting materials from the chiral pool or incorporated 
enantioselective reactions to attain enantiomerically pure aza-C-nucleosides. 
 
Scheme 22: Synthesis of 5-[3-hydroxy-4-(hydroxymethyl)pyrrolidin-1-yl]uracil by Sorensen et al.107 
1.8.2.2. Diastereoselective syntheses of 4-(hydroxymethyl)pyrrolidines 
Kotian et al. investigated the synthesis of the cis diastereomer of 4-(hydroxymethyl)pyrrolidine (-)-116 
(Scheme 23).109 Their starting material was (S)-diethylmalate (-)-111, which has the correct 
stereochemistry of the hydroxyl group. The hydroxymethyl group was introduced via a surprisingly 
stereospecific enolate alkylation using benzyl chloromethyl ether. After reduction and dimesylation, 
excess benzylamine led to the cyclisation of the dimesyl derivative (-)-114 to give pyrrolidine (-)-115. 
Hydrogenation furnished the cis pyrrolidine (-)-116.  
 
Scheme 23: Synthesis of cis-4-(hydroxymethyl)pyrrolidine 81 by Kotian et al.109 
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The trans-racemic 4-(hydroxymethyl)-pyrrolidine (±)-59 was first synthesised by Makino and Ichikawa 
(Scheme 24).110 Fumaric acid dimethyl ester was the precursor to the E-allylic alcohol 117, which 
underwent Sharpless asymmetric epoxidation to yield epoxide 118. In order to install a suitable 
precursor to the desired amine, epoxide opening was performed using a cyanide anion. After screening 
a wide range of Lewis acids, the desired regioselectivity favouring 119 was achieved by using a bulky 
organoaluminium compound, generated from 2,6-di-tert-butyl-4-methylphenol and Et2AlCN. After 
tosylation of 119, reductive cyclisation with Ni Raney led to 122 which, under acidic treatment, yielded 
(±)-59. 
 
Scheme 24: Synthesis of the trans isomer of 4-(hydroxymethyl)pyrrolidin-3-ol by Makino and Ichikawa110 
The pure enantiomer of the trans-isomer, (3R,4R)-4-(hydroxymethyl)pyrrolidin-3-ol (+)-59 was first 
prepared by Filichev and Pedersen (Scheme 25).111 In this case, the starting material used was diacetone-
D-glucose 123, which presented the correct stereochemistry on C4 for the final compound.  
 
Scheme 25: Synthesis of (3R, 4R)-4-(hydroxymethyl)pyrrolidin-3-ol by Filichev and Pedersen111 
Oxidation of 123 followed by a Wittig reaction led to alkene 124, which underwent hydroboration-
oxidation prior to alcohol mesylation to yield 125. Dimethylammonium azide was used to install the 
azide group (126), which was followed by acetal deprotection in acidic conditions (127). Hydrogenation 
over Pd/C caused azide reduction and subsequent cyclisation via reductive amination in a one-pot 
reaction to give 128 (Scheme 26). Oxidative cleavage of the triol group was performed using NaIO4 
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after protection of the primary amine as Fmoc (129). Reduction and Fmoc deprotection afforded the 
desired pyrrolidine (+)-59.  
 
Scheme 26: Cyclisation via reductive amination mechanism 
The route developed by Filichev and Pedersen to the enantiopure pyrrolidine was later used by Evans 
et al. in their search for TS analogues of human purine nucleoside phosphorylases (PNPs). The starting 
material was varied to D-xylose acetal 137, and the resulting hydrochloride salts were subjected to 
reductive amination with a series of formylated deazapurines to yield the desired PNP inhibitor 
candidates 140.95 
 
Scheme 27: Synthesis of PNP inhibitor candidates by Evans et al.95  
In Evans et al.’s previous work,94 similar deazapurines were constructed de novo by using a propionitrile 
adduct 141, which was cyclised to give the final product in a 5-reaction sequence.  Interestingly, 
attempts to apply such transformations were not successful in this case, as the use of Bredereck’s reagent 
on the propionitrile adduct gave back the free base (+)-59 (Scheme 28).  
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Scheme 28: Attempted reaction with Bredereck's reagent on 4-(hydroxymethyl)-pyrrolidine by Evans et al.95 
The use of reductive amination, therefore, was seen as a viable alternative not only to overcome this 
problem, but also to give a divergent character to the route. The different aldehydes were synthesised 
from the corresponding bromodeazapurines via lithium-halogen exchange and subsequent treatment 
with DMF. The average yield achieved in the reductive amination reactions using NaCNBH3 was 56%. 
The different second-generation TS inhibitors of PNP synthesised, named DADMe-Immucillins, are 
presented in Figure 20. They were tested against human PNP and showed potent inhibition, with 
equilibrium dissociation constants as low as 7 pM, an 8-fold increase in affinity compared to first-
generation Immucillins. 
 
Figure 20: Second-generation of PNP inhibitors synthesised by Evans et al.95 
Galeazzi et al. used a Baylis–Hillman adduct 143 as the starting material for their synthesis of (+)-59.112 
Their first reaction involved conjugate addition of (S)-phenylethylamine, giving a mixture of cis-3,4-
disubstituted diastereomeric pyrrolidin-2-ones, 144 and 145, which were separated by chromatography 
(Scheme 29).  
 
Scheme 29: Conjugate addition performed by Galeazzi et al.112 
Interestingly, their first attempt at the conjugate addition, where the Baylis-Hillman adduct 143 lacked 
the TBS protecting group, led to an inseparable mixture of cis and trans pyrrolidin-2-ones. The  
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diastereoselectivity of the reaction can be explained by the formation of a hydrogen bond between the 
amino group and the oxygen of the silyl ether, which generates a chair-like six-membered enolate 
intermediate 146 (Scheme 30). As a result, protonation of the enolate leaves both esters in an equatorial 
conformation, leading to a cis relationship between methyl ester and silyl ether in both diastereomers.  
 
Scheme 30: Conjugate addition chair-like six-membered enolate intermediate dictates the reaction diastereoselectivity 
In absence of the TBS group, conformational search performed on the enolate 149 revealed that it is 
similarly hindered in both diastereotopic faces, which explains the formation of a mixture of 
diastereoisomers (151 + 153) (Scheme 31).  
 
Scheme 31: Transition state analysis performed by Galeazzi et al. to explain the mixture of diastereoisomers isolated112 
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The lack of stereoselectivity was attributed to the impossibility of forming the hydrogen bond between 
the hydroxy and the ammonium ion, which would lead to an analogous chair-like six-membered enolate 
intermediate. 
A possible alternative to that explanation is the steric clash caused by the bulky TBS group, which 
causes protonation to occur preferentially from the less hindered diastereotopic face, leading to the cis 
intermediate. 
Once the TBS-protected diastereoisomers 144 and 145 were separated, a stereoconvergent route was 
applied for the synthesis of (+)-59 using both 144 and 145 as starting materials. Reduction of 145 using 
NaBH4 gave 154, with the epimerisation at C4 attributed to a small amount of sodium alkoxide left in 
the reaction mixture. With the desired trans diastereoisomer in hand, TBS protection followed to give 
155.  
Lactam 155 could also be obtained by TBS deprotection of 145, followed by isomerisation using DBU, 
and subsequent ester reduction and TBS protection. The extra step led to a slight decrease in total yield 
from 63% to 55%. Next, the lactam in 155 was reduced to a pyrrolidine ring using LiAlH4. Chloroethyl 
chloroformate was chosen to remove the phenylethyl group, and acidic treatment led to the final product 
(+)-59. The synthesis consisted of 5 steps starting from the TBS-protected Baylis-Hillman adduct 143 
with an overall yield of 11% (Scheme 32). 
 
Scheme 32: Synthesis of 4-(hydroxymethyl)pyrrolidine (+)-59 from 145 by Galeazzi et al.112 
A similar strategy was applied in the synthesis of (+)-59 starting from diastereoisomer 144. In this case, 
the desired epimerisation at C3 was performed using methanolic KOH, which caused the removal of the 
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TBS protecting group after 30 h (160). Reduction using LiAlH4 gave 161, and the phenylethyl and 
benzyl groups were removed using hydrogenation, leading to the hydrochloride salt (+)-59 after acidic 
treatment. The synthesis from the TBS-protected Baylis-Hillman adduct 143 consisted of 5 steps with 
an overall yield of 9%. 
 
Scheme 33: Synthesis of 4-(hydroxymethyl)pyrrolidine (+)-59 from 144 by Galeazzi et al. 
1,3-Dipolar cycloadditions 
Karlsson and Hogberg used a doubly diastereoselective approach on their 1,3-dipolar cycloaddition to 
generate the substituted pyrrolidines 165 and 166.113 The enantiopure amine 163 was treated with 
trifluoroacetic acid to generate a chiral azomethine ylide 164. The ylide was reacted with the α,β-
unsaturated compound 162 containing a camphorsultam chiral auxiliary.  
It was proposed that, in the absence of chelating agents or Lewis acids, in the conformation adopted by 
the N-enoyl sultam the carbonyl oxygen and the sulfone moiety keep a trans configuration in relation 
to the C-N bond. Attack proceeded via the re-re face due to the partially charged axial sultam oxygen 
(Oα) interacting with the incoming dipole and blocking si attack.  
 
Scheme 34: Synthesis of 4-(hydroxymethyl)pyrrolidines using dipolar cycloaddition by Karlsson and Hogberg113 
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When the reaction was performed in highly polar solvents (MeCN), the cycloadducts 165 and 166 were 
obtained with a d.r. of up to 86:14. The two diastereoisomers were separated by column 
chromatography. Further reduction and hydrogenation led to the isolation of (+)-59 and ()-59 (Scheme 
34). 
It was later found that the use of chiral ylides on similar reactions had a small influence on reaction 
diastereoselectivity. In an effort to scale up Karlson’s synthesis of (+)-59, Kotian et al. used achiral 
benzylamine as a precursor, which led to a diastereoselectivity of 82:18 d.r. in the cyclisation step. In 
order to make their synthesis affordable at a kilogram-scale, camphorsultam was synthesised from ()-
camphor sulfonic acid. Replacing phenethylamine with benzylamine was surprisingly advantageous, as 
the desired cyclisation adduct could be isolated by crystallisation instead of column chromatography. 
Furthermore, hydrogenation time in the last step was reduced from 15 to 2 days. 
Kinetic resolutions 
In their search for an improved synthesis of PNP inhibitor precursors, Clinch et al. identified kinetic 
resolution as an alternative to the most successful route to date, which involved the key 1,3-dipolar 
cycloaddition of azomethine ylides to 3-benzyloxy-substituted alkenoylcamphorsultams. Hansen et al. 
had previously studied the enzymatic acylation at the C6 alcohol of 4-(hydroxymethyl)-pyrrolidines 
such as using vinyl acetate and three different lipases. (Table 3) 
Table 3: Enantioselectivity of enzymatic acylation by Hansen et al.  
 
Enzyme t (h) Conversion E.e. (%) trans 
Candida antarctica 2.3 0.45 24.7 2 
Lipase PS 20 1.0 0 1 
Mucor mihei lipase 4 0.46 28a 2.1a 
a 
Opposite enantioselectivity     
Their investigation revealed that Lipase PS was not stereoselective, as the acylation occurred on both 
enantiomers. Candida antarctica and Mucor mihei lipase gave opposite results, yielding the acylated 
product of each of the enantiomers with similar selectivity. The low e.e. values obtained were attributed 
to the long distance between the reactive alcohol and the stereocentre. It was seen that the enzymatic 
acylation was selective for the primary alcohol - no reaction took place at the alcohol on C3 even after 
prolonged treatment. Lipase B from Candida antarctica was later applied by Levy et al. in their 
resolution of cyclic cis- and trans-β-hydroxy esters.114 Vinyl acetate was the acyl donor and tert-butyl 
methyl ether was the solvent chosen in reactions kept at 30 °C. Excellent selectivity (e.e >99%) was 
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obtained for the different reactions, which were not affected by the ring size of the starting material. 
Their results for trans-β-hydroxy esters are summarised in Table 4. 
Table 4: Lipase B from C.a. catalysed enantioselective acylation of (±)-trans-β-hydroxy esters by Levy et al. 
 
   (1S,2S)-169, 170 or 171 (1R,2R)-172, 173 or 174 
n Substrate t (min) Yield (%) E.e. (%)a Yield (%) E.e. (%)a 
1 (±)-169 80 70 >99 81 >99 
2 (±)-170 100 93 >99 95 >99 
3 (±)-171 240 90 >99 90 >99 
a Determined by chiral GC 
Encouraged by these precedents, Clinch et al. applied lipase B of Candida antarctica to the enzymatic 
resolution of racemic ethyl trans-1-benzyl-4-hydroxypyrrolidine-3-carboxylate (±)-175. Following the 
reaction conditions set by Levy et al., they managed to isolate the crystalline unreacted alcohol (+)-175 
and the diester (-)-176 in 85% and 97% yield (Scheme 35), with excellent enantiomeric purity, judged 
by optical rotation comparison to literature values for products later obtained in their synthesis. 
 
Scheme 35: Enzymatic resolution of (±)-ethyl trans-1-benzyl-4-hydroxypyrrolidine-3-carboxylate by Clinch et al.115 
The successful isolation of enantiopure (+)-175 in high yield led to the design of a novel synthetic route 
to the DADMe-Immucillins synthesised by Evans et al. (Scheme 36). (±)-175 was prepared using the 
method described by Jaeger and Biel (Scheme 21), but in their case ethyl-N-benzyl-N-(2-
carbethoxyethyl)glycinate was used as the starting material.105 Following their kinetic resolution, 
reduction of (+)-175 using LiAlH4 gave diol 177 which, after de-N-benzylation, led to the hydrochloride 
salt (+)-59. Finally, a Mannich reaction using 9-deazahypoxanthine and aqueous formaldehyde gave 
the desired PNP inhibitor DADMe-Imm-H. This transformation, previously studied by Evans et al. in 
the same substrate,116 saves a synthetic step compared to a reductive amination, in which the 
corresponding base analogue requires formylation prior to reaction. 
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Scheme 36: Synthesis of (+)-DADMe-ImmH by Clinch et al.115 
The synthesis gave an overall yield of 16% from the β-hydroxyester (±)-175. It was later found that the 
yield from the hydrogenation step could be increased by performing the reaction using H2 on Pd/C in 
presence of di-tert-butyl dicarbonate. The reaction time was increased from 30 min to 24 h, but gave 
the Boc-protected pyrrolidine in 100% yield, which was later deprotected using HCl in MeOH to give 
(+)-59. 
This synthetic route has the advantage of providing precursors to both enantiomers of 59. In their work, 
Clinch et al. synthesised the novel L-enantiomer of Imm-H, which was tested against PNPases of 
humans, bovines and Plasmodium falciparum. It was shown to be 5- to 160-times less active than its 
Denantiomer, but still a sub-nanomolar inhibitor against PNPases. 
The successful use of Lipase B from Candida antarctica in the synthesis of (+)-59 led Clinch et al. to 
design an alternative synthesis to 4-(hydroxymethyl)-pyrrolidines using the same enzyme (Scheme 37).   
 
Scheme 37: Alternative synthesis of 4-(hydroxymethyl)-pyrrolidines by Clinch et al.117 
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In this case, the synthesis started from diethyl maleate 178, which underwent a 1,3-dipolar cycloaddition 
with the nitrone formed from formaldehyde and N-benzylhydroxylamine to give the racemic cis-
isoxazolidine (±)-179. Reduction using Zn in AcOH cleaved the N-O bond of (±)-, and the resulting 
aminodiester spontaneously cyclised to yield the lactam (±)-180, which presented the desired trans-
stereochemistry between C3 and C4. On this occasion, the two enantiomers of (±)-180 were separated 
by lipase B of C.a. using hydrolytic resolution instead of alcohol acetylation. The resulting acid (+)-
181 was reduced with borane to benzylpyrrolidine (+)-177, which was converted to the Boc-protected 
pyrrolidine (+)-182 in excellent yield. The overall yield of the route was 26% in five steps with excellent 
enantiomeric purity. 
1.8.2.3. Proposed synthesis of 4-(hydroxymethyl)pyrrolidines 
After reviewing the literature precedents to the synthesis of 4-(hydroxymethyl)pyrrolidines, the use of 
enzymatic resolution developed by Clinch et al. was considered the best approach to produce the 
enantiopure materials of interest in a short, high-yielding procedure starting from cheap readily 
available materials.  
The proposed synthesis (Scheme 38) starts from glycine ethyl ester, which is reacted with ethyl acrylate 
then benzyl bromide to yield 102. The Dieckmann condensation employed by Jaeger105 in the same 
substrate is used to give 103, and the resulting β-ketoester is selectively reduced to the trans β-
hydroxyester (±)-175. Subsequently, the enzymatic resolution takes place to give the desired enantiomer 
(+)-175, which is then reduced and hydrogenated to diol pyrrolidine (+)-59, following the procedure 
used by Clinch.115 With this key intermediate in hand, reductive amination with different aromatic 
aldehydes, as used by Evans et al.95 (Scheme 27) should afford a variety of 4-
(hydroxymethyl)pyrrolidines to be tested against AAG in the corresponding bioassay.  
 
Scheme 38: Proposed synthesis of 4-(hydroxymethyl)pyrrolidines 
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2. Synthesis of 2-(hydroxymethyl)pyrrolidines 
2.1. Introduction 
In the following sections, the different steps involved in the synthesis of 2-(hydroxymethyl)pyrrolidines 
are discussed. Each section generally starts with a short review of the background literature available 
for that step, followed by the choice of conditions that were applied and the results obtained. The 
synthetic route, presented in Section 1.8.1.3, is displayed in Scheme 39. 
 
Scheme 39: Proposed synthesis of 2-(hydroxymethyl)pyrrolidines 
2.2. Step 1: reduction of L-pyroglutamic acid 
2.2.1. Literature background 
L-Pyroglutamic acid was chosen as a cheap readily available starting material for the synthesis of 
enantiopure 2-(hydroxymethyl)pyrrolidines. This member of the ‘chiral pool’ has been used as the 
starting material in the synthesis of natural products such as (-)-domoic acid,118 (+)-gephyrotoxyn,119 
(+)-tylophorine,120 and kainic acid.121 For this work, it was the starting material of choice due to its (S)-
configuration on C2, which is maintained in the product 2-(hydroxymethyl)pyrrolidines. 
The first reaction of the synthetic pathway was the reduction of L-pyroglutamic acid to L-
pyroglutaminol, which is commercially available. However, the amount needed for this project made it 
desirable to start from its more affordable precursor, provided the reduction was achievable in good 
yield. The reduction is usually carried out from the corresponding ester 185, using sodium or lithium 
borohydride, and occurs without racemisation.122 Esterification of pyroglutamic acid 65 can be achieved 
by treatment with thionyl chloride (SOCl2) in methanol or ethanol. Alternatively, the acid chloride has 
also been generated by silylation of 65 with 1 eq. hexamethyldisilazane (HMDS) followed by reaction 
with oxalyl chloride.123 Treatment of the acid 65 with an excess of HMDS yields the N,O-bis 
trimethylsilyl pyroglutamic acid 186, which can give the more stable N-protected acyl chlorides 
(Scheme 40). 
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Scheme 40: Transformations of the carboxylic group of L-pyroglutamic acid 
For the purpose of this work, isolation of the acid chloride was not required, as it was planned to be 
used in situ to generate the methyl ester 185. For this reason, reduction of L-pyroglutamic acid to L-
pyroglutaminol was performed following the procedure published by Hjelmgaard (Scheme 41).124 It 
involves the generation of a methyl ester of 185 by reacting the acid with SOCl2 in MeOH. Then, MeOH 
is evaporated from the reaction mixture and the ester is reduced to alcohol 97 using excess NaBH4 in 
EtOH. 
 
Scheme 41: Reduction of L-pyroglutamic acid 
The reaction has been used extensively in the literature.98, 122, 124-126 The different published procedures 
vary in the number of equivalents of SOCl2 used, which ranged from 0.75 to 2.34 eq. The addition of 
SOCl2 was done at low temperature in all procedures reviewed (-15 °C to 0 °C), and it was allowed to 
warm to RT for an average of 2 h. While the first published procedures chose to isolate and purify the 
corresponding ester intermediate, in those published later it took place in a one-pot procedure.124, 126 
The reducing agent of choice was NaBH4 in general, but LiBH4 was also applied by Silverman et al., 
generated by mixing NaBH4 with LiCl.122 The work-up for this reaction involves treatment with acid: 
HCl, acetic acid and citric acid have all been used. The reaction is reported to give good to excellent 
yields in all cases (70% to 91%). 
2.2.2. Results 
The procedure published by Hjelmgaard et al.124 was applied, in which SOCl2 was added at -15 °C to a 
solution of 65 in MeOH and it was allowed to warm to RT for 2 h. The reducing agent used was NaBH4, 
which was added to an ethanolic solution of the ester intermediate after MeOH removal. The reaction 
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was followed by GC-MS, which revealed the presence of two major peaks (3:1). They were assigned 
to triethyl borate (m/z 146 [M+]) and L-pyroglutaminol 97 (m/z 115 [M+]) 
Quenching by addition of acetic acid after 18 h gave a milky precipitate, which was filtered through 
diatomaceous earth until transparent. The crude mixture was not soluble in the eluent of choice 
(EtOAc/MeOH [9:1]) and so was adsorbed onto silica gel before loading on to the chromatography 
column. The identity of the desired product 97 was confirmed by NMR analysis (See section 6.2.1, 
Appendix A.1), and it showed high enantiomeric purity, with [α]20
D
 +26 (c 2.04, EtOH), in good 
agreement with that found in the literature,124 [α]20
D
 +30.5 (c 1.00, EtOH).  
This first reaction was repeated several times during the course of this project, giving an average yield 
of 78%, with a maximum yield of 95%. Losses in yield were attributed to poor chromatographic 
separation. The reaction tolerated scaling up to 10 g of starting material without negative consequences 
to its yield.  
2.3. Step 2: formation of chiral bicyclic lactam  
2.3.1. Literature background 
Chiral bicyclic lactams have provided access to a wide range of carbocycles and heterocycles with high 
enantiomeric purity in the past, and constitute a valuable building block for asymmetric synthesis. The 
most versatile examples of such compounds are Meyers’ bicyclic lactams.  
 
Scheme 42: Carbocycles and heterocycles synthesised from Meyers' lactams 
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They are typically prepared from the corresponding enantiomerically pure amino alcohols by reaction 
with a γ-, δ- or ω-keto acid.127 Their synthetic utility is summarised in Scheme 42, which includes some 
of the enantiopure hexahydroindenones, benzindenones and cyclohexenones derived from Meyers’ 
lactams.128 
The importance of these compounds resides in the excellent facial selectivity that they exhibit in 
numerous reactions. This allows the introduction of new functional groups with the desired 
stereochemistry in a selective manner. Groaning and Meyers studied the selectivity of numerous lactams 
to electrophilic alkylation of the corresponding enolate.127 Their results are summarised in Figure 21.  
 
Figure 21: Study on cyclic lactams facial alkylation by Groaning and Meyers127 
Crystallographic evidence prior to their study revealed that bicyclic lactams adopt conformations with 
concave and convex faces, which suggested that alkylation should preferentially proceed on the convex 
(exo) face, as in 188 and 189.129 However, experimental results showed that, in some bicyclic lactams 
(187), the more congested concave face (endo) was favoured. 
Their results revealed that, together with other steric effects, the position occupied by oxygen in the 
oxazolidine ring was a key factor determining facial stereochemistry, as it affected the size of the group 
being projected into the concave face. This effect can be seen in Figure 22, which shows the 
corresponding enolates for bicyclic lactams 187, 188 and 189.  
 
Figure 22: Enolates studied by Groaning and Meyers in alklation facial selectivity analysis127 
In enolate 193, exo alkylation is favoured due to the pseudoaxial hydrogen atom of the methylene group 
blocking the concave region. In contrast, 192 and 194 present oxygen in place of the methylene, and 
therefore their concave face is only occupied by a lone pair of electrons. This fact leads to endo 
alkylation in 192. However, for 194, the presence of large substituents in C2 has the same effect as that 
of the methylene group in 193, giving selectivity for exo alkylation. 
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The aim of this research was the synthesis of nucleotide mimetics based on pyrrolidine. For that reason, 
the desired 2-(hydroxymethyl)pyrrolidines required (R)-configuration at C2 and (S)-configuration at C3. 
In the synthesis proposed, the former was given by the use of L-pyroglutamic acid ((S)-2-pyrrolidone-
5-carboxylic acid) as starting material. The latter was planned to be introduced during the course of the 
synthetic route. Specifically, the formation of a chiral bicyclic lactam similar to 188 in step 2 had two 
purposes: firstly, protecting the hydroxyl group in C2, as subsequent reactions involve basic conditions; 
and secondly, giving a concave nature to the molecule for later exo-selective introduction of the 
hydroxyl group on C3. The synthetic plan based on bicyclic lactam 195 is summarised in Scheme 43. 
 
Scheme 43: Synthetic plan for achieving the desired stereochemistry on C2 and C3 of 2-(hydroxymethyl)pyrrolidines 
This strategy was first applied by Seebach et al. in their synthesis of α-substituted proline derivatives 
where the bicyclic compound 198 was generated as a single diastereoisomer from the condensation of 
L-proline and pivalaldehyde under acid catalysis and azeotropic removal of water.130 The isolation of a 
single diastereoisomer of 198 was attributed to thermodynamic control of this reversible condensation. 
 Hydrolysis of 198 gave back L-proline, which showed no change in optical purity and confirmed no 
racemisation had occurred at the α-position during the condensation. Next, the lithium enolate of 198 
was generated (199), and several alkylations, additions to carbonyl groups and Michael additions were 
performed, all showing >70% diastereoselectivity for the convex face of the bicycle (Scheme 44). 
 
Scheme 44: Synthesis of α-substituted proline derivatives by Seebach et al.130 
Thottathil et al. applied this methodology in their synthesis of trans-4-cyclohexyl-L-proline from L-
pyroglutamic acid.131 L-pyroglutaminol was treated with benzaldehyde following the conditions of 
Seebach et al. The bicyclic N,O-acetal 98 was isolated as a single diastereomer. Treatment of the 
corresponding enolate with bromocyclohexene gave 201 with d.r. 95:5 (Scheme 45). 
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Scheme 45: Formation of bicyclic lactam and subsequent alkylation by Thottathil et al.131 
N,O-Acetal formation from L-pyroglutaminol is described many times in the literature, and it is still 
currently used following the procedure published by Thottathil.104, 132-134 It involves mixing L-
pyroglutaminol with benzaldehyde and applying an acid catalyst, usually p-toluenesulfonic acid  
(TsOH). The mixture is refluxed in toluene, and the reaction is driven to completion by the removal of 
water, using a Dean-Stark trap. The mechanism by which the reaction occurs is drawn in Scheme 46. 
The reported yield range for this N,O-acetal formation is 69% - 90%. 
 
Scheme 46: Bicyclic N,O-acetal formation mechanism 
2.3.2. Results 
The reaction was performed following literature precedent.131 A mixture of L-pyroglutaminol (97), 
benzaldehyde (1.35 eq.) and TsOH (0.013 eq.) was heated at reflux in toluene, using a Dean-Stark trap 
(Scheme 47). The desired product was obtained after 18 h, together with unreacted benzaldehyde as the 
only impurity according to GC-MS analysis ([M+] = m/z 203 and 106 respectively). 
 
Scheme 47: Bicyclic N,O-acetal formation 
Different purification techniques were proposed for this reaction. Initially, washings with NaHCO3 of 
the crude mixture were followed by bulb-to-bulb distillation under vacuum (Kugelrohr apparatus, 175 
°C, 0.2 mbar). However, bicyclic lactam 98, which did not distil off, still showed traces of benzaldehyde 
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even after repeated distillation attempts. For that reason, distillation was substituted by numerous 
washings of the crude mixture with saturated sodium bisulfite solution. Bisulfite addition to carbonyl 
groups gives water-soluble bisulfite addition compounds 202, which permits the removal of aldehyde 
impurities from a crude mixture (Scheme 48).  
 
Scheme 48: Bisulfite addition to aldehyde reaction mechanism 
In numerous reaction attempts, GC-MS and NMR analysis after bisulfite washings revealed that the 
levels of benzaldehyde had decreased to < 1-5%, which allowed use of the resulting crude material 
without further purification. In those cases where the levels of impurity were still high, a 
chromatographic step was included in the purification procedure (Pet. ether/EtOAc [2:1]).  
In the many times that this reaction was performed during the course of this project, it was found that 
the yield varied dramatically depending on Dean-Stark set-up. When no appreciable water condensation 
in the toluene trap was observed 30 min to 2 h after reflux start, the range of yields obtained was reduced 
to 2% – 36%. Therefore, successful water removal was imperative for reaction success. In those 
occasions when water condensation was appreciable, the average yield for the reaction was 69%. The 
best yield obtained was 86%. The structure and configuration of the desired product was confirmed by 
NMR analysis, in particular, the characteristic singlet in the 1H-NMR spectrum at 6.34 ppm (1 H, 3-H), 
as well as the different aryl signals obtained by 1H- and 13C-NMR  (See section 6.2.2, Appendix A.2). 
Evidence for reaction diastereoselectivity was further provided by comparing the optical purity of 98 to 
that given in the literature ([α] 20
D
  +251 and [α]20D  +269.6  respectively)
131.  
2.4. Step 3: formation of α,β-unsaturated bicyclic lactam 
2.4.1. Literature background 
Unsaturated lactams are of great importance in organic synthesis, as they constitute the building blocks 
of a wide range of biologically active compounds, like pyridine and piperidine alkaloids.135 The 
presence of unsaturation allows for further modifications such as epoxidation136, dihydroxylation99, 104, 
or conjugate addition137, leading to the introduction of functionality at the α and/or β-carbon.  
Due to their importance, numerous examples of methods for the preparation of unsaturated lactams can 
be found in the literature. These include amino-acid cyclisation138, ring-closing metathesis139 and radical 
cascades140, among others. However, for the purpose of this work the search was limited to procedures 
which presented the corresponding saturated lactams as precursors. Most examples involved the 
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generation of a lactam enolate, reaction with an electrophile and elimination to give the corresponding 
α,β-unsaturation. 
2.4.1.1. Unsaturation via Saegusa-Tsuji reaction 
Wright et al. used bicyclic lactam 203 as the starting point for a series of conjugate additions using 
alkylcuprates. 204 was generated from the saturated lactam 203 using a Saegusa-Tsuji reaction.137  
 
Scheme 49: Unsaturation and alkyl cuprate conjugate addition by Wright et al.137 
In this transformation, the substrate is treated with a suitable base such as LDA, followed by TMSCl. 
The resulting silyl ketene aminal is oxidised using a catalytic amount of palladium acetate and a 
carbonate ester of allyl alcohol. Wright et al. obtained the desired α,β-unsaturated lactam 204 in 73% 
yield. 
 
Scheme 50: Saegusa-Ito oxidation mechanism 
The reaction used by Wright et al. is a modification of the Saegusa-Ito oxidation (Scheme 50). The 
mechanism of the reaction starts with coordination of Pd to the silyl enol olefin 206, followed by the 
loss of TMS and subsequent formation of the oxoallyl-palladium complex 208. Then, β-hydride 
elimination leads to the palladium hydride – enone complex 209 which, after reductive elimination, 
gives the desired α,β-unsaturated carbonyl compound 210. The major drawback of the Saegusa-Ito 
oxidation was the need for an excess of palladium salts. As a result, different reaction variations were 
proposed, which allowed the use of Pd catalytically by introducing cooxidants such as t-BuOOH,141 
Co(OAc)2,142 p-benzoquinone143 or allyl methyl carbonate.144 
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2.4.1.2. Unsaturation via selenylation and deselenoxylation 
Jones, Mundy and Whitehouse found that selenoxides can undergo syn elimination, generating olefins 
at or below room temperature.145 This transformation inspired Reich et al., who were investigating 
experimental procedures to generate enones from the corresponding ketones. In their work, α-
phenylseleno ketones were synthesised from ketone lithium enolates and benzeneselenyl bromide or 
chloride (PhSeBr, PhSeCl).146 These reagents were prepared from diphenyl diselenide (PhSeSePh). 
With the keto selenides in hand, they studied the oxidation procedure of the sulfide moiety. Ozone and 
hydrogen peroxide were the oxidants of choice, depending on the presence of other functionalities or 
solvents susceptible to ozonisation. Selenoxide syn elimination was performed following the procedure 
of Jones et al. to generate the desired enones (Scheme 51). 
 
Scheme 51: Selenylation and deselenoxylation by Reich et al.146 
Olefination by selenylation and deselenoxylation was also utilised in lactones,147 nitriles148 and 
esters.146, 147, 149 Zoretic and Soja proved that sulfanylation and selenylation could occur in α-
unsubstituted lactams.150  Interestingly, in their study performed on N-methyl-2-pyrrolidinone 215, they 
showed that the reaction required 2 equivalents of base to proceed. This can be seen in Scheme 52 for 
the sulfanylation of 215. If 1 equivalent of LDA was used, bissulfanylation took place instead, as proton 
transfer from the monophenylthiolactam 216 was a faster process than sulfanylation of the enolate 218. 
However, when a competition experiment was performed, in which monosulfenylated lactam 216 and 
unsubstituted lactam 215 were treated with base and PhS2Ph, only the monosubstituted product 216 was 
isolated. It was hypothesised that the role of the excess base was to keep the monophenylthiolactam as 
the anion, thus preventing proton transfer. In competition 37 was a worse nucleophile than 36 due to 
the stabilisation of the anion by dπ-pπ back-bonding with the sulfur atom. 
 
Scheme 52: Mono- vs bis- sulfanylation by Zoretic and Soja150 
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After this discovery, the standard procedure used in the literature to generate unsaturated lactams from 
the corresponding saturated precursors was through a succession of selenylation, oxidation and 
elimination, similarly to the analogous processes seen for ketones and esters. This was the case for Li 
and Smith, who applied the procedure for a series of 5, 6, and 7-membered N-benzyl-pyrrolidinone 
rings.136 The α,β-unsaturated lactams were then converted to epoxy-lactams using m-
chloroperoxybenzoic acid (MCPBA) with variable yields (Table 5). 
Table 5: Preparation of α,β-unsaturated and epoxy-lactams by Li and Smith136 
 
n % (223, 224, 225) % (226, 227, 228) % (229, 230, 231) 
1 80 83 91 
2 82 80 25 
3 78 79 5 
The bicyclic lactam of interest for this work 98 has also been unsaturated using a sequence of 
selenylation and deselenoxylation. In their work, Hamada et al. treated 98 with LDA at -70 °C and 
PhSeBr. Oxidation by ozone in DCM led to better results than the alternative using 30% H2O2, and the 
phenyselenyloxy product eliminated when treated with pyridine to give the α,β-unsaturated lactam 66 
in 75% yield (Scheme 53).  
 
Scheme 53: Bicyclic lactam unsaturation by Hamada et al.99 
Bailey et al. also applied this transformation to obtain 66 together with other enones, which were used 
in cycloaddition reactions with a number of dienes and 1,3-dipoles.151 In their case, LiHMDS was the 
base of choice, the oxidation step was performed using 30% H2O2, and NaHCO3 triggered the selenoxy 
elimination. Using these conditions, 66 was isolated in 65% yield from 98. 
2.4.1.3. Unsaturation via sulfinylation and elimination 
Despite the success of lactam unsaturations using selenoxide elimination, the use of selenium 
derivatives presents a problem of acute toxicity and high cost, which is not negligible if the compounds 
are to be used in considerable amounts. To face this problem, Resek and Meyers investigated the 
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analogous sulfur chemistry, hoping to find a more sustainable, less toxic alternative to the selenium 
derivatives.152  
In their work, methyl phenylsulfinate 235 was reacted with several ketone and lactam enolates. By 
doing so, the sulfur moiety was installed in the α-position of the corresponding carbonyl (236) with the 
correct oxidation state for subsequent elimination, which saved one synthetic step when compared to 
the standard approach using PhSeBr. The elimination step was performed using anhydrous sodium 
carbonate at reflux. 
 
Scheme 54: α,β-Unsaturation of carbonyl compounds using methyl phenylsulfinate by Resek and Meyers152 
Resek and Meyers also proposed a new synthetic procedure to generate methyl phenylsulfinate 235 
from diphenyl disulphide using elemental bromine as oxidant. This novel method gave the product in 
90% yield and proved to be far superior to the existing synthesis which involved oxidation by lead 
tetraacetate. 
It was reported that lactam sulfinylation occured within 6 h at RT or 30 min at reflux temperature, while 
the elimination step required 3-6 h. A wide range of α,β-unsaturated ketones, nitriles and lactams was 
isolated in excellent yields (74 – 90%) using this procedure, including several derivatives of Meyers’ 
bicyclic lactams. The bicyclic lactam 66 was later synthesised by Kamath et al. using the conditions 
published by Resek and Meyers. The desired product was obtained in 65% yield.104   
2.4.2. Results  
2.4.2.1. Attempted sulfinylation and elimination using hydride bases 
After the literature search performed, it was decided that the target bicyclic lactam 66 was to be 
synthesised using sulfinylation followed by elimination. This was considered the best overall approach, 
as it saved one synthetic step compared to the selenylation alternative by introducing the sulfoxide in 
the correct oxidation state. It was also a way of avoiding selenium derivatives and the problems 
associated with their use, highlighted earlier. Moreover, methyl benzenesulfinate 235 was commercially 
available and therefore it did not need to be synthesised from diphenyl disulfide. Finally, there was 
literature precedent for the formation of 66, the desired product in this step, using the sequence of 
sulfinylation and elimination. For this reason, the method developed by Resek and Meyers was also 
preferred over the Saegusa-Tsuji reaction. 
The reaction was first attempted following Resek and Meyers’ procedure (Scheme 55). However, NaH 
was used instead of KH as the base of choice, due to the fact that KH was not available at the time. A 
  2. Synthesis of 2-(hydroxymethyl)pyrrolidines 
55 
 
slight excess of NaH (suspension in mineral oil) was added to a solution of bicyclic lactam 98 in THF, 
followed by a stoichiometric amount of PhSO2Me, and the mixture was left stirring in THF over 48 h. 
 
Scheme 55: Unsaturation via sulfinylation and elimination 
TLC analysis revealed that the starting material 98 was not totally consumed, despite several products 
being present in the reaction mixture. According to the published procedure, lactam sulfinylation is 
harder to achieve than the equivalent reaction performed on ketones or aldehydes, due to the difficulty 
in forming the lactam enolate (pKa ~ 25). However, it should proceed within 6 h at RT or 30 min at 
reflux. Aiming for reaction completion, the reaction was left to reflux for 3 h. After that period, GC-
MS analysis showed, together with unreacted 98, the presence of the following products in the mixture: 
 
Figure 23: Products detected in reaction mixture by GC-MS analysis 
Müller and Shank previously reported the formation of similar sulfur by-products when treating a 
sulfinate with base at high T.153 It was caused by the disproportionation of thiosulfinates (243) to 
thiosulfonates (240) and disulfides (239). These reactions are displayed in Scheme 56. 
 
Scheme 56: Formation of thiosulfonates and disulfides by disproportionation of thiosulfinates 
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It was hypothesised that the reason why 235 was reacting preferentially with NaH could be that enolate 
generation was taking place too slowly. As a result, the excess base present in the mixture was reacting 
with 235, leading to the intermediates above. 
The reaction was repeated, this time using KH (2.5 eq.). Addition of hydride to the reaction mixture 
gave vigorous effervescence and a change in colour from orange to dark red. After stirring under N2 for 
17 h at RT, GC-MS analysis of the reaction mixture revealed no sign of the desired intermediate 238. 
Instead, similar sulphide derivatives to those generated in the first reaction attempt had been formed 
again, together with unreacted SM 98 (Figure 24). 
 
Figure 24: Products detected in reaction mixture of second attempted unsaturation by GC-MS analysis 
As the change from NaH to KH did not seem to alter the reaction outcome, a slight change in the 
procedure was applied. The suspension of KH in anhydrous THF was added to a solution of 98 in THF 
at 0 °C, which was left stirring under N2, aiming to achieve total enolate generation prior to addition of 
235. A sample of the mixture was taken after 5 min, and D2O was added to it. The resulting aqueous 
phase was extracted using DCM, and the extract was analysed by GC-MS. The same procedure was 
repeated after 30 min. GC-MS analysis of both samples revealed that the lactam enolate was already 
formed after 5 min, and that its abundance increased over time. This was evidenced by monitoring for 
the presence of the α-monodeuterated equivalent of 98 (m/z 204 [M+]), generated after treating the 
lactam enolate with D2O (Table 6).  
Table 6: Lactam enolate generation monitored by D2O addition. Retention time of 19.246 min taken as reference 
 
Entry Reaction time (min) 
Relative abundance (%) 
m/z 202 m/z 203 m/z 204 
1 Starting material 100 36 4 
2 5 100 41 9 
3 30 100 67 18 
Unfortunately, despite partially generating the lactam enolate, the desired sulfinyl intermediate 238 was 
not found in the crude reaction mixture after 18 h. Due to the apparent impossibility in isolating 238, a 
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one-pot alternative of the reaction was attempted (Scheme 57). This variation, also published by Resek 
and Meyers but not applied to bicyclic systems, involved the addition of AcOH (2.5 eq.) to the reaction 
mixture after the first step. Then a second reflux is started, leading to the final product in 6 to 24 h.  
 
Scheme 57: Lactam unsaturation using one-pot procedure by Resek and Meyers152 
The sulfinylation step was performed as in previous reaction attempts, except on this occasion the 
reaction mixture was refluxed for 2 h instead of leaving it at RT for an extended period of time. Then, 
AcOH was added at RT and the solution was heated at reflux for 48 h. After this time, it was cooled to 
RT, diluted with Et2O and worked-up. TLC and GC-MS analysis of the crude mixture revealed the total 
consumption of starting material 98. Unfortunately, the major products according to GC-MS were the 
thiosulfinate disproportionation products 239 and 240, with no sign of 66. Instead, benzaldehyde was 
detected, suggesting that ring-opening could have occurred during the reaction. These compounds were 
also detected in NMR analysis of the crude mixture, with numerous signals in the aromatic region and 
a singlet at 10.1 ppm, characteristic of aldehyde protons. In contrast, no appreciable NMR signals 
appeared between 2.00 and 6.50 ppm, confirming that 66 was not in the crude product. 
2.4.2.2. Sulfinylation using LDA: investigation on model substrate 
At this stage, substituting hydride bases by lithium diisopropylamide (LDA) was seen as a suitable 
alternative to obtain the desired intermediate enolate. LDA had been successfully used by Schwarz et 
al. in numerous alkylation reactions on similar bicyclic lactams.154 Zoretic et al. also employed LDA to 
generate their lactam enolates, in their case using hexamethylphosphoramide (HMPA) as a co-
solvent.155 The use of HMPA is directed towards generating a more reactive “naked” enolate in the 
reaction mixture, as it allows the dissociation of enolate-metal ion aggregates by strongly coordinating 
with the metal ion. Despite its excellent properties, HMPA is characterised as “reasonably anticipated 
to be a human carcinogen” (IARC 1977),156 and as a result in recent years its use has decreased in favour 
of alternative metal chelating co-solvents such as N,N'-dimethylpropylenourea (DMPU) or 
tetramethylethylenediamine (TMEDA) (Figure 25). 
 
Figure 25: Metal chelating co-solvents 
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The reaction conditions developed by Schwarz et al. were initially tested on the lactam model 1-
benzylpyrolidin-2-one 246. A solution of 246 in THF was slowly added to 2 eq. of LDA at -78 °C. The 
reaction was repeated twice adding DMPU and TMEDA to the solution to see the effect, if any, of the 
metal chelating co-solvents on reactivity. Enolate formation was tested by addition of D2O and 
subsequent GC-MS and 1H-NMR analysis once the mixture reached RT (Scheme 58). 
 
Scheme 58: Lactam enolate generation tested by D2O addition 
The different MS traces revealed the presence of the expected deuterated product 1-benzylpyrrolidin-
(3-2H1)-2-one 247 (m/z 176 [M+]). In 1H-NMR, the 2 H triplet at 2.37 ppm for 246 corresponding to its 
α-protons decreased in integral for the different reaction mixtures (See Appendix A.3), implying that 
enolate generation had been successful to some extent in all cases. % deuteration was calculated by 
comparing the different integral values to those shown by the methylene protons in β (2 H). Results are 
displayed in Table 7 and Figure 26. 
Table 7: % Deuteration results by 1H-NMR comparison 
Additive Integral (H) Deuteration (%) 
No co-solvent 1.17 42 
DMPU 0.64 68 
TMEDA 1.34 33 
According to the 1H-NMR spectra, DMPU had the biggest impact on promoting enolisation, increasing 
the % deuteration of the substrate from 42% to 68%. In contrast, TMEDA had no appreciable influence 
in promoting enolisation compared to the reaction performed with no co-solvent added to THF.  
The stacked 1H-NMR spectra of 1-benzylpyrolidin-2-one after treatment with LDA and D2O with 
different co-solvents are displayed in Figure 26. % Deuteration was monitored by measuring the integral 
values obtained for the triplet at 2.37 ppm (3-H). 
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Figure 26: Stacked 1H-NMR spectra of 1-benzylpyrolidin-2-one after treatment with LDA and D2O with different co-solvents 
With lactam enolisation confirmed, lactam sulfinylation was attempted using the same model substrate 
246. Three reaction replicates were performed using no co-solvent, DMPU and TMEDA as metal 
chelating additives. Enolate formation was performed using LDA (2 eq.) in anhydrous THF at -78 °C 
and PhSO2Me was added after 35 min in all cases (Scheme 59). 
 
Scheme 59: Sulfinylation of 1-benzylpyrrolidin-2-one 
The resulting orange solution was allowed to warm to RT over 3 h. The reaction was monitored by GC-
MS before and after work-up, which involved dilution in diethyl ether and consecutive washings with 
NaOH (1M), water, HCl (1M) and water. Unfortunately, no 249 or eliminated product was detected in 
the different reactions performed. Instead, a sulfanyl by-product 250 was detected. GC-MS results are 
summarised in Table 8. 
3-H 4-H Ar-H PhCH2 5-H 
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Table 8: Lactam sulfinylation monitored by GC-MS 
 
Additive Before/after work-up 
Ratio by GC (%) 
SM 
246 
PhSO2Me 
235 
PhSSPh 
239 
  
No co-solvent 
Before work-up 63 16 16 - - 
After work-up 24 - 15 54 - 
DMPU 
Before work-up 39 36 12 6 - 
After work-up 42 - 25 26 - 
TMEDA 
Before work-up* 23 - 12 16 - 
After work-up 39 - 32 17 - 
*Chromatographic peak assigned to TMEDA 34%  
As the concentration of by-product 250 was increasing once work-up conditions had been applied, it 
was investigated which reagent caused its formation. To do so, the sample of reaction mixture taken 
before work-up was split in two separate vials and treated with NaOH 1M and HCl 1M respectively. 
Surprisingly, by-product 250 appeared in both cases. It was hypothesised that enolate of 246 was 
reacting preferentially with the excess 239 present in the mixture instead of with 235, leading to the 
formation of 250. To test this hypothesis, a reaction between pyrrolidine 246, 239 and NaOH only (i.e. 
without enolisation by LDA) was attempted. After 16 h at RT, no appreciable quantities of 
sulfanylpyrrolidine 250 were detected by GC-MS, which proved the essential role of the enolate in the 
formation of 250. 
Since no formation of 249 occurred following Schwartz’s procedure, but 250 was detected by GC-MS 
instead, the alternative 2-step method developed by Zoretic et al. was researched.155 In this case, lactam 
enolate formation is followed by addition of 239 to generate the sulfanylpyrrolidine 250. Then, 250 is 
oxidised to the desired 249 prior to elimination. For the oxidative step, Zoretic et al. used either H2O2 
or MCPBA and achieved a yield of 57% and 89% respectively, in their case using N-methyl-3-pyrrolin-
2-one as starting material. More recently, Schanen reported that the oxidation could also be performed 
using NaIO4, leading to the isolation of the phenylsulfinyl-lactam quantitatively.157 
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Scheme 60: 2-Step sulfynilation on model substrate by Zoretic and Schanen155, 157 
Similar to the investigation of direct sulfynilation, sulfanylation of 246 was trialled using LDA as base 
with either no co-solvent, DMPU or TMEDA. Reaction evolution was monitored by GC-MS, and is 
displayed in Table 9. In the different reactions attempted, the desired intermediate 250 was obtained in 
average yield. It was successfully characterised by NMR spectroscopy (Section 6.2.4, Appendix A.4). 
The addition of TMEDA to the reaction mixture gave the best yield of isolated 250. Reaction evolution 
was monitored by GC-MS, and is displayed in Table 9.  
Table 9: Lactam sulfanylation monitored by GC-MS 
 
Entry Additive t (h) 
Ratio by GC (%) 
Yield (%) SM 
246 
PhSSPh 
239 
PhSPh 
245 
PhSH 
244 
 
1 No co-solvent 
0.5 35 26 12 22 - 
17 
2 10 14 1 4 46 
2 DMPU 
0.5 16 8 7 11 19 
22 
2 21 7 <1 2 47 
3 TMEDA 
0.5 11 6 3 9 39 
30 
2 6 2 - 1 54 
The oxidation step was first performed following the Schanen procedure. 250 was dissolved in 
anhydrous MeOH and cooled to 0 °C, to which NaIO4 dissolved in the minimum amount of water was 
added. After stirring the resulting solution for 1 h at RT, the reaction mixture was filtered, and the 
precipitate was washed with MeOH. The filtrate was evaporated under reduced pressure and 
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purification by column chromatography (Pet. ether/EtOAc [1:1]) gave first unreacted starting material 
(61%) followed by the desired product (27%).  
Successful sulfoxide formation was confirmed by 1H-NMR analysis (6.2.6, Appendix A.6): the 
chemical shift corresponding to 3-H, located at 3.91 ppm in 250 was shifted downfield to 4.32-4.28 
ppm in 249 due to the change in chemical environment introduced by the sulfoxide (Figure 27). 
Furthermore, IR analysis showed a strong absorption at 1046 cm-1, characteristic of a sulfoxide group. 
 
Figure 27: 1H-NMR spectra comparison between 250 (top) and 249 (bottom) 
In an attempt to increase the oxidation yield, the solvent used was changed from MeOH to DCM, 
following an alternative procedure by Schanen. Unfortunately, the reaction gave only unreacted 250. 
Despite vigorous stirring being applied, the poor results were attributed to the lack of mixing between 
250, found in the organic layer, and NaIO4, which was added as an aqueous solution. 
An alternative oxidation method by Bahrami et al. was then applied, which used H2O2 as oxidant and 
added phosphonitrilic chloride trimer (TAPC) to the reaction mixture in a solvent-free approach 
(Scheme 61).158 
3-H 
3-H 
x 
x 
x 
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Scheme 61: Synthesis of sulfoxides using H2O2 and TAPC by Bahrami et al.158 
According to Bahrami et al., initial nucleophilic attack of H2O2 on TAPC leads to hydroperoxide 251, 
which, upon reaction with the sulphide derivative, gives 252. Protonation gives hydroxide 253, which 
reacts with HCl to regenerate TAPC (Scheme 62). 
 
Scheme 62: Proposed mechanism for the TAPC-catalysed oxidation of sulphides by Bahrami et al.158 
Despite total consumption of 250 according to GC-MS analysis, the crude product consisted of a 
complex mixture of oxidised products. However, the desired sulfoxide group was detected by both 1H-
NMR and IR spectroscopy. Due to the difficulties faced when trying to isolate 249, this approach was 
discarded. 
In summary, the viability of lactam sulfinylation using LDA was investigated on the model substrate 1-
benzylpyrolidin-2-one 246. First, successful lactam enolate generation was confirmed by the addition 
of D2O to the reaction mixture after reacting 246 with LDA. The use of DMPU as metal chelating co-
solvent led to the highest % deuteration according to 1H-NMR analysis. Unfortunately, attempts to 
isolate the sulfoxide 249 by reacting the lactam enolate with PhSO2Me were unsuccessful, giving only 
the phenylsulfanyllactam 250. For this reason, an alternative 2-step procedure involving sulfanylation 
and oxidation using NaIO4 was applied, which gave the desired sulfoxide 249 in 8% overall yield. For 
the sulfanylation step, the addition of TMEDA as a metal chelating co-solvent gave the best yield, 
although it was only a moderate increase from the reaction performed without additive. 
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2.4.2.3. Sulfinylation using LDA applied on bicyclic lactam 
After isolating the desired sulfoxide 249 in a 2-step procedure, albeit in low yield, the same synthetic 
method was applied to the bicyclic lactam 98 (Scheme 63). 
 
Scheme 63: Sulfinylation of bicyclic lactam 98  
In the first sulfanylation step, two replicates of the reaction were performed using either DMPU or 
TMEDA as metal chelating co-solvents. The procedure was reproduced as for the model substrate 246 
in both cases, and 251 was detected by GC-MS analysis (m/z 311 [M+]). The reaction mixture also 
contained the usual combination of sulfinate by-products, together with an unknown product of [M+ = 
209]. After purification by column chromatography (Pet. ether/EtOAc [9:1]), the unknown could be 
characterised by NMR analysis and GC-MS as the condensation product of LDA and PhSSPh (Scheme 
64).  
 
Scheme 64: Formation of condensation product of LDA and PhSSPh 
It was determined that 41% of starting disulfide 239 had been converted to the undesired 253. The 
presence of this by-product could therefore explain the recurring low yields attained in both 
sulfinylation and sulfanylation reactions when using LDA as base: 239 was reacting with the base 
preferentially over the enolate, leading to the formation of 253.  
Despite the loss in yield attributed to the formation of 253, 251 was isolated in both replicates after the 
chromatographic system was flushed with EtOAc. The reaction containing TMEDA gave a slightly 
better yield (26% vs 17% when using DMPU). The product was then characterised (Section 6.2.5, 
Appendix A.5.), and a NOESY experiment was performed to determine its stereochemistry. The 
observed nOe correlation between 7a-H and 6-H, together with the fact that no correlation was observed 
between 7a-H and aryl protons led to the assignment of (S)-configuration on C6 (Figure 28). 
  2. Synthesis of 2-(hydroxymethyl)pyrrolidines 
65 
 
 
 
Figure 28: Stereochemistry of 251 assigned by NOESY. Molecular model OF 251 built with MOE, energy minimisation 
using MMFF94X forcefield; R-Field 1:80; Cut-off [8-10]; Gradient 0.1 RMS  
With 251 in hand, oxidation by NaIO4 was applied. Due to the poor solubility of 251 in MeOH, the 
reaction was attempted using DCM instead, following Schanen’s procedure. After adding NaIO4 in a 
minimum amount of water to the solution of 251 in DCM at 0 °C, the resulting mixture was stirred for 
18 h at RT. The precipitate formed was filtered and washed with MeOH, and the filtrate was evaporated, 
leaving a white residue. Unfortunately, GC-MS analysis showed only unreacted 251, which was 
confirmed by NMR spectroscopy.  
The reaction was trialled twice more increasing the equivalents of oxidant used from 1 to 1.5 and 2 eq., 
with similar results. These poor results in the oxidation procedure combined with the by-products 
generated in the sulfanylation reaction made it evident that a shorter, more high-yielding procedure of 
unsaturation was required. 
2.4.2.4. Final sulfinylation and elimination procedure applied 
At this stage of the project, and due to the low yield obtained in the 2-step approach, the reaction was 
attempted using the one-pot procedure initially applied (Scheme 65), before moving to possible 
alternatives (e.g. selenide addition and selenoxide elimination).  
 
Scheme 65: Final lactam unsaturation via sulfyinilation and elimination 
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In these reaction attempts, several experimental changes were introduced to guarantee that the reaction 
was performed in the best possible conditions: 
 KH, purchased as a suspension in mineral oil was washed with anhydrous hexane and dried 
under vacuum. 
 Once dried, KH was suspended in anhydrous THF, which was purchased and not dried and 
stored over molecular sieves. 
 Prior to the reaction, the Schlenk line glass joints were re-greased, and the oil bubbler was 
refilled to ensure maintenance of an inert atmosphere. 
The addition of the base was performed at RT, and then the system was heated at reflux for 1 h. The 
initial yellow solution containing 98 and PhSO2Me turned black after base addition. Interestingly, GC-
MS analysis after different periods of time revealed the presence of phenylsulfanyllactam 251, which 
increased over time, instead of the expected sulfoxide 252. Quenching with H3PO4 was followed by 
extraction using DCM. The residue obtained after solvent evaporation was suspended in toluene, and 
Na2CO3 was added for the elimination step, which consisted of reflux for 18 h. After that time, the 
mixture was filtered through Celite®, and 1H-NMR analysis revealed 66 as the main product, together 
with other impurities, mainly diphenyl disulfide. After column chromatography (DCM/EtOAc [18:1]), 
the desired unsaturated bicyclic lactam 66 was isolated in 29% yield, and was successfully characterised 
by NMR spectroscopy (See section 6.2.7, Appendix A.7). The most characteristic 1H-NMR signals 
were two doublets of doublets belonging to the olefin protons at 7.28 and 6.18 ppm. 
This result indicated that the experimental precautions taken prior to the start of the reaction were 
essential for the reaction to occur. However, efforts to improve the reaction yield were necessary, as 
large quantities of lactam 66 were needed for the project. Therefore, through the course of this work the 
reaction was optimised, with especial attention paid to the eluent selected in the chromatographic 
separation. Results are displayed in Table 10. 
Overall, increasing the number of equivalents of base and PhSO2Me to 3 and 1.2, respectively, had a 
positive impact on the reaction yield. However, the main challenge found in the reaction was its 
purification: product 66 and starting material 98 showed an almost identical retention factor, which led 
to a loss of yield in several reaction attempts. One of the eluents which gave better results in a single 
chromatographic step was (DCM/Pet ether/EtOAc [9:1:0.5]). Another option was the use of two 
consecutive chromatographic separations (Entry 10), which led to the highest reported yield, close to 
that reported by Kamath et al. for the same substrate (65%).104  
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Table 10: Results bicyclic lactam unsaturation 
 
Entry KH eq. PhSO2Me eq. Eluent Yield of 66 (%) 
1 2.5 1 A 29 
2 2.5 1 A 35 
3 3 1 B 56 
4 3 1 B 45 
5 3 1.2 C 49 
6 3 1.2 C 38 
7 3 1.2 C 41 
8 3 1.2 C, then D 37* 
9 3 1.2 C, then D 62 
10 3 1.2 E, then F 66 
*Product loss due to spillage 
Eluents used: A: DCM/EtOAc (18:1); B: DCM/Pet. Ether (9:1) EtOAc 0 to 15%; C: DCM/Pet 
Ether/EtOAc (9:1:0.5); D: DCM/MeOH 9:1; E: DCM/Pet. Ether (9:1); F: DCM/EtOAc (9:1) 
Due to the optimisation of the reaction conditions and the resulting increased yield, the alternative 
unsaturation procedure using diphenyl diselenide was finally not applied in the project, due to its acute 
toxicity and high cost. 
2.5. Step 4: epoxidation of α,β-unsaturated lactam 
2.5.1. Literature background 
Alkene epoxidation has been one of the most widely studied reactions, since epoxides are key precursors 
in organic chemistry, especially when introducing functionality in a 1,2-relative position. The most 
common epoxidation procedure applied to conjugated systems uses the hydroperoxide anion, generated 
by a solution of 30% H2O2 in basic media.  
The use of MCPBA is also extensive, although it is preferentially applied to electron-rich alkenes. 
However, there is precedent for its use on lactams in the literature: Li and Smith successfully applied it 
to their 5-, 6-, and 7-membered ring lactams. It was found that the epoxidation yield decreased with 
lactam ring size, as seen in section 2.4.1.2.136  
Finally, tert-butyl hydroperoxyde (t-BuOOH) is also a commonly used reagent for epoxidation. Yang 
and Finnegan first applied it to α,β-unsaturated ketones,159 and since then its use has been widespread. 
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In the early 1980s, Katsuki and Sharpless discovered that the use of t-BuOOH in conjuction with diethyl 
tartrate (DET) and titanium tetraisopropoxide [Ti(OPri)4] allowed asymmetric epoxidation of allylic 
alcohols.160 This milestone discovery led to the asymmetric epoxidation of other kinds of alkenes using 
a wide range of homogeneous and heterogeneous catalytic systems.161, 162 As for α,β-unsaturated 
compounds, catalytic asymmetric epoxidation using t-BuOOH has been applied to ketones,163 esters 
and amides,164 and more recently aldehydes.165 
In some cases, the desired reaction diastereoselectivity is attained due to the presence of bulky 
substituents in the starting material. For example, Barros et al. took advantage of the existing adjacent 
OTBS group to perform their selective epoxidation on an α,β-unsaturated ketone (Scheme 66).166 
 
Scheme 66: Diastereoselective epoxidation by Barros et al. 
According to Barros, the use of a less bulky epoxidising agent such as hydrogen peroxide caused the 
loss of diastereofacial selectivity, giving a mixture of diastereoisomers. 
Similarly, the geometry of the starting material can be used in order to achieve the desired epoxide 
stereochemistry. As seen in section 1.8.1.1, this is the strategy followed to epoxidise the α,β-unsaturated 
bicyclic lactam 66, of interest in this work. Herdeis et al. showed that epoxidation of 66 proceeded from 
its least hindered convex side: treatment of 66 with t-BuOOH/tetrabutylammonium fluoride (TBAF) 
gave the single diastereoisomer 67 in 30-40% yield. The yield was improved to 65% after changing the 
reaction solvent from DMSO to DMF, together with adding 1 eq. K2CO3 to the reaction mixture.98 
 
Scheme 67: Bicyclic lactam epoxidation by Herdeis et al.98 
Later, Panday et al. replicated the procedure published by Herdeis, achieving a 75% yield.100 Jao et al. 
epoxidised a similar substrate 256, in their case using Triton B together with t-BuOOH. The reported 
yield was 92%.167 Interestingly, application of the Herdeis conditions to an activated lactam 258 by 
Cottrell et al. did not give the expected product 259 in good yield. Instead, the best yields were attained 
using H2O2 at pH 9.168 The epoxidation reactions by Jao and Cottrell are displayed in Scheme 68. 
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Scheme 68: Epoxidation reactions by Jao et al. and Cottrell et al.167, 168 
2.5.2. Results 
After conducting the literature search, the first approach to the epoxidation of 66 was the use of t-
BuOOH, following the conditions applied by Herdeis et al. on the same substrate and later replicated 
by Panday et al. in good yield. In our experiment, t-BuOOH (5M in decane) and K2CO3 were added to 
a solution of SM 66 in DMF under N2, and the mixture was left stirring for 2 h. According to the original 
procedure, the addition of TBAF had to be done in small portions until TLC showed absence of SM. In 
an attempt to optimise the reaction, four replicates were conducted with increasing amounts of TBAF 
present in the reaction mixture.  Results are summarised in Table 11. 
Table 11: Epoxidation results using Herdeis’ procedure 
 
Entry t-BuOOH eq. TBAF eq. Yield of 67 (%) 
1 2.2 2.1 43 
2 2.2 2.3 41 
3 2.2 1.8 - 
4 2.2 2.7 - 
In the different experiments, once TBAF had been added, the reaction was left stirring under N2 for 18 
h, quenched by addition of NH4Cl, and then extracted using DCM. For entries 1 and 2, successful 
epoxide formation was confirmed by crude 1H-NMR analysis, due to the absence of the olefin protons 
of 66 and the presence of two characteristic doublets at 4.05 and 3.81 ppm (J 2.5 Hz), corresponding to 
the epoxide protons. The main impurities found in these crude product mixtures were DMF and decane, 
which were removed after a chromatographic step (Pet. Ether/EtOAc [3:1]), and the desired product 67 
was isolated as a single diastereoisomer and characterised by NMR spectroscopy (Section 6.2.8, 
Appendix A.8.). Optical purity of the product was compared to that reported previously, with a result 
of []23
D
 +243.0, close to the literature value of [α]20
D
 +240.100  
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The low reaction yields together with the lack of isolated by-products or SM could indicate product 
trapping/decomposition in the chromatographic step. 
For entries 3 and 4, the reaction followed by TLC indicated SM consumption and product generation. 
However, chromatography performed using the same eluent as entries 1 and 2 led to no detection of 
epoxide 67, even after a column flush with (DCM/EtOAc [1:1]) and (DCM/MeOH [9:1]). 
With these results in hand, it was suggested that the number of equivalents of TBAF used in the reaction 
should be lowered, in an attempt to increase the reaction yield. In the following experiment, the number 
of TBAF eq. was initially lowered to 0.2. The reaction was monitored by GC-MS, and the results are 
summarised in Table 12. 
Table 12: Investigation on epoxidation reaction with low eq. TBAF 
 
Entry TBAF eq. t (h) 
Ratio by GC (%) 
SM 66 Product 67 Decane Tributylamine DMF 
1 0 0.75 53 - 16 - 30 
2 0 2 39 9 19 - 29 
3 0.2 3 6 35 17 12 28 
4 0.3 6 6 17 20 20 34 
5 0.3 18 4 16 19 20 35 
6 - Crude 6 33 20 18 21 
Product formation was detected prior to TBAF addition (entry 2). However, after adding 0.2 eq. TBAF, 
the ratio of 67 detected by GC-MS increased to 35%. Since SM 66 was still present in the reaction 
mixture, 0.1 extra equivalents of TBAF were added (entry 4). This addition did not lower significantly 
the % of 66, even after 18 h. At that time, the reaction was quenched and worked-up as described above. 
1H-NMR of the crude revealed the presence of 67 as the main product, together with DMF, decane and 
minor impurities. Unfortunately, purification by column chromatography led to the isolation of 67 in 
only 28% yield, revealing again that improvements in the purification step were required. However, the 
experiment was used to prove that the addition of 0.2-0.3 eq. of TBAF was enough to generate 67 from 
66.  
In the next reaction attempts, several modifications in the experimental procedure were made in order 
to increase the reaction yield. First, two replicates of the reaction were run simultaneously, varying only 
the amount of TBAF equivalents used, to investigate whether 0.2 eq. or 0.3 eq. TBAF led to a higher 
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reaction yield. The use of 0.2 eq. gave a slightly better yield (51% compared to 40% when using 0.3 eq. 
TBAF), which made these conditions standard for the following reaction attempts. 
Washings with HCl 0.1 M were introduced after extraction to reduce the amount of DMF present in the 
chromatographic system. Moreover, different solvent systems were applied in the chromatographic 
step, with (Pet. Ether/EtOAc [1:1]) giving the best reported yield. Results are summarised in Table 13. 
Table 13: Optimisation of epoxidation reaction 
 
Entry TBAF eq. Eluent: Pet. ether/EtOAc Yield (%) 
1 0.2 3:1 28 
2 0.3 3:1 40 
3 0.2 3:1 51 
4 0.2 2:1 52 
5 0.2 2:1 52 
6 0.2 2:1 53 
7 0.2 1:2 60 
8 0.2 1:1 63 
9 0.2 1:1 74 
In summary, the epoxidation reaction on unsaturated bicyclic lactam 66 was successfully performed on 
different amounts of starting material, giving the desired epoxide 67, which was characterised by NMR 
spectroscopy. No sign of the undesired cis diastereoisomer was detected by crude NMR or GC-MS. 
The use of 0.2 eq. TBAF was proven to be enough to attain reaction yields similar to those reported by 
Herdeis and Panday (65% and 75% respectively).98, 100 The addition of a washing step using HCl 0.1 M 
to eliminate excess DMF prior to chromatography, and the optimisation of chromatographic conditions 
led to an overall increase of reaction yield. 
2.6. Step 5: epoxide ring opening 
2.6.1. Literature background 
The use of epoxides as building blocks in organic synthesis has been extensively studied, and the interest 
in these compounds was further increased after Sharpless developed the asymmetric epoxidation 
reaction. This transformation allowed the generation of chiral α,β-epoxy alcohols, which could be used 
to install hydroxyl groups in an enantioselective manner by using ring opening reactions.  
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These can be generally divided between nucleophilic ring openings and reductive ring openings. In the 
former, a wide variety of nucleophiles can be used to attack one of the carbons atoms forming the 
epoxide to induce its opening. The reaction can be done regioselectively by using a metal alkoxide as 
Lewis acid, such as Ti(OiPr)4, as shown by Sharpless and Dai.169, 170 It was shown that, for 2,3-epoxy 
alcohols, C3 opening was favoured regardless of the nucleophile used, with reported regioselectivities 
ranging from 5:1 to >100:1. (Scheme 69).  
 
Scheme 69: Regioselective nucleophilic ring opening of epoxy alcohols170 
In this research, a reductive ring opening approach was selected instead to open the epoxide present in 
lactam 67. This procedure provided a hydroxyl group with the desired (S)-configuration on C7 without 
the need for a nucleophile to be added on C6. Numerous examples of this transformation can be found 
in the literature, especially when applied to α,β-epoxy ketones to generate β-hydroxy ketones. A wide 
range of reducing agents has been applied, such as chromium (II) salts,171 Zn/AcOH,172 NaTeH173 or 
NaI/NaOAc.174 Aluminium amalgam was also one of the reducing agents of choice for this 
transformation: Herdeis et al. previously applied it to the substrate of interest 67, leading to the isolation 
of β-hydroxy lactam 68 in 79% yield (Scheme 70).98 
 
Scheme 70: Reductive epoxide opening using aluminium amalgam, by Herdeis et al.98 
More recently, Molander and Hahn developed the use of SmI2 for the reduction of α,β-epoxy ketones.175 
In the mechanism proposed (Scheme 71), reaction between the initial epoxy-ketone 260 and 2 eq. SmI2 
generates ketyl radical anion 261, which is protonated by MeOH. Further reduction with SmI2 generates 
a carbanion 263, which induces the ring opening of the epoxide. Finally, enol tautomerisation gives the 
product 265. 
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Scheme 71: Reductive epoxide ring opening mechanism proposed by Molander and Hahn175 
Unlike previous examples, due to the nature of its reaction mechanism, the reaction always proceeds to 
give epoxide opening regioselectively, leading only to the β-hydroxy product. Reductive epoxide 
opening using SmI2 has successfully been applied to α,β-epoxy-esters176 and –amides.177 The reductive 
epoxide opening following Molander’s procedure has also been used to the α,β-epoxy lactam of interest 
67. Panday and Langlois reported a reaction yield of 95% when using THF-MeOH as solvent system.100 
Jao et al. used the reductive opening on a similar bicyclic lactam 257, and in their case the initial 
reported yield was 28%. Interestingly, using iPrOH as a co-solvent in the reaction led to an increase of 
yield to 54% as well as a stereomeric distribution in favour of 267 (Scheme 72).167 
 
Scheme 72: Reductive epoxide opening using SmI2 by Panday and Langlois100 (left) and Jao et al.167 (right) 
Miyashita et al. also developed a regioselective reaction for the reductive opening of α,β-epoxy 
carbonyls.178 In their case, the reagent of choice was a phenylselenide anion, generated by reduction of 
diphenyl diselenide (PhSe)2 with NaBH4 in EtOH. The structure of the reagent is displayed in Scheme 
73: it was deduced after NMR analysis, together with monitoring the quantity of H2 produced during 
the reaction. 
 
Scheme 73: Phenylselenide anion generation 
The proposed mechanism for reductive epoxide ring opening (Scheme 74) starts with a substitution at 
the α-carbon of the corresponding epoxy carbonyl 260, leading to an α-phenylseleno compound 268. 
Then, the second phenylselenide regenerates (PhSe)2 and gives a borane enolate 269, which finally 
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leads to the desired β-hydroxy product 265. The fact that this mechanism proceeds via an initial α-
substitution step allows it to be chemoselective for α-epoxides over enones, unlike other reductive 
processes involving single electron donors such as SmI2. 
Miyashita et al. successfully applied their methodology to α-epoxy ketones, esters, amides, lactones 
and lactams. The reactions generally proceeded within 5-10 min at RT, and gave no appreciable 
formation of dehydration products. Moreover, the selenium reagent could be reused as (PhSe)2, and the 
reaction conditions allowed the presence of a wide variety of functional groups in the substrate. During 
their reaction optimisation, AcOH was added as a scavenger of alkoxides to prevent side reactions. 
Owing to the synthetic advantages of the reaction and its mild conditions, organoselenium-mediated 
reductive epoxide opening has been used repeatedly in the literature. Recently, it has been applied to 
the total synthesis of longeracinphyllin A,179 lungshengenin D180 and conidiogenone.181 
 
Scheme 74: Organoselenium-mediated reductive epoxide opening mechanism 
This method of reductive epoxide opening has also been successfully applied to the bicyclic lactam 67. 
Tanaka et al. used the reaction in their synthesis of pseudodistomin C. Following Miyashita’s 
procedure, the phenylselenide was generated in situ at RT, and the desired β-hydroxy lactam 68 was 
isolated as the only product in 86% yield (Scheme 75).182 
 
Scheme 75: Organoselenium-mediated reductive epoxide opening by Tanaka et al.182 
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2.6.2. Results 
2.6.2.1. Epoxide opening using SmI2 
Due to the excellent yield reported by Panday and Langlois, the reductive epoxide opening using SmI2 
was applied in this project for the conversion of α,β-epoxy lactam 67 to the β-hydroxy lactam 68. 
According to the mechanism and following the procedure applied by Panday and Langlois, 2 eq. of a 
SmI2, purchased as a 0.1 M solution in THF, were used. The solution, initially deep blue, turned yellow 
upon addition of a solution of epoxide 67 in anhydrous THF. The reaction, also containing MeOH, was 
left stirring for 30 min at -78 °C. TLC monitoring of a quenched sample revealed partial formation of 
β-hydroxy-lactam 68, together with presence of epoxide 67. Hoping for total conversion, the reaction 
was left stirring for a further 1 h, at which time it was quenched by addition of K2CO3 (sat). The solvent 
was removed prior to extraction using Et2O.  
1H-NMR analysis of the crude product revealed β-hydroxy-lactam 68 was the main component in the 
mixture: the most characteristic proton signals being two doublets of doublets at 2.90 and 2.83 ppm (1 
H, J 17.0, 7.5 Hz), corresponding to the α-methylene protons present in 68. Starting epoxide 67 was 
also present in the crude mixture in a 1:2 ratio to the product. The first eluent chosen for column 
chromatography, (DCM/MeOH [9:1]), was too polar, and did not provide separation of the two. A 
second chromatographic procedure, this time using (DCM:EtOAc [1:1]), led to the isolation of 68 in 
39% yield, and to the recovery of unreacted epoxide 67 (20%) for future use. Hydroxy-lactam 68 was 
obtained as a white crystalline product, and it was characterised by FT-IR spectroscopy, which revealed 
the presence of the characteristic O-H stretch (3364 cm-1), and NMR spectroscopy (Section 6.2.9, 
Appendix A.9.). Melting point and recorded optical rotation matched literature precedent. 
The reaction was repeated three more times. In the third attempt, the anhydrous solvents used were 
degassed prior to the reaction. It was suspected that the low yield attained in the different attempts was 
a consequence of the oxidation of SmI2 during the reaction. When exposed to air, the deep blue SmI2 
solution in THF turned to yellow as it rapidly oxidised, in a process which had been observed in the 
reaction mixture. Unfortunately, despite the precautions taken, a similar yield was attained in the 
different attempts (Table 14). 
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Table 14: Epoxide opening results using SmI2 
 
Entry SmI2 eq. Yield of 68 (%) 67 recovered (%) 
1 2 39 21 
2 2 - 78* 
3 2 42 11 
4 2.1 40 34 
At that stage, it was suspected that the purchased SmI2 solution had degraded over time, causing a 
decrease in its effective concentration. In their study, Szostak et al. revealed that the average 
concentration of different commercial SmI2 samples, which were purchased as 0.1 M in THF from four 
different suppliers, was 0.04 M.183 Based on this, a titration of the SmI2 solution was performed prior 
to the next reaction attempt. The procedure, an iodometric titration, revealed that the concentration of 
the purchased solution of SmI2 in THF was 0.050 ± 0.004 M (n=3). As a result, in the following reaction 
attempts using purchased SmI2, the volume of reagent employed was adjusted accordingly. Iodometric 
titrations were repeated before each reaction. 
Simultaneously, an alternative procedure, which used SmI2 generated in situ, was performed. In the 
majority of reactions reviewed in the literature, the reagent is freshly prepared prior to use to avoid 
degradation problems. For that reason, several procedures for the synthesis of SmI2 from Sm metal have 
been published: in these, the metal is reacted with different oxidants such as iodine,184 TMSCl and 
NaI,185 or iodoform.186 
In this work, the method developed by Kagan et al. was applied. It consists of the reaction between Sm 
metal and 1,2-diodoethane in anhydrous THF. First, the commercial 1,2-diodoethane, a reddish solid 
due to iodine minor impurities, was purified by washing a solution of the reagent in Et2O with a 
saturated aqueous solution of Na2S2O3. After three washes, the solvent was evaporated, giving a white 
crystalline solid which was dried and stored in the dark. A mixture of freshly washed 1,2-diodoethane 
and Sm metal in anhydrous THF was prepared using Schlenk techniques to ensure inert atmosphere. 
The reaction mixture was stirred at RT under N2 over 18 h, and the solution, initially colourless, turned 
yellow after 30 min. and finally deep blue (Scheme 76). 
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Scheme 76: SmI2 generation from Sm metal and 1,2-diodoethane 
It was determined by iodometric titration that the yield of the reaction was 13%. According to Szostak 
et al. in their extensive reaction study, the presence of water, oxygen and peroxides does not have a 
significant effect on SmI2 formation, provided the reaction is performed under inert atmosphere.183 
Instead, it was found that the most determining factor affecting the reaction yield was the quality of Sm 
metal used. In our case, the abundant presence of a solid residue in the flask suggested that part of the 
Sm metal had been left unreacted. This was addressed in later experiments. 
Regardless, once the SmI2 had been generated in situ and its concentration was known, the reductive 
epoxide opening reaction was repeated. It was performed simultaneously to a replicate using purchased 
SmI2. In both cases, 2.1 eq. SmI2 were used, and the procedure followed was identical to that used in 
previous reaction attempts. Results are summarised in Table 15. 
Table 15: Comparison between reductive epoxide opening using SmI2 purchased vs generated in situ 
 
Entry SmI2 eq. SmI2 origin Yield (%) 
1 2.1 Purchased 63 
2 2.1 Generated in situ 22 
The results revealed that the reaction performed using purchased SmI2 gave a better yield compared to 
that using SmI2 generated in situ. The yield obtained in entry 1 was also significantly superior to that 
obtained in previous reaction attempts. This increased yield was attributed to adjusting the volume of 
SmI2 solution used to the real concentration of the reagent, known after iodometric titration.  
Due to the elevated cost of the reagent, it was desirable to increase the yield of the reaction using in 
situ-generated SmI2, as well as the yield of SmI2 from Sm metal. The first modification introduced to 
SmI2 generation from Sm was grinding the metal using a pestle and mortar to expose the clean metal 
surface prior to the reaction.  During its reaction with 1,2-diiodoethane, the solution was sonicated, in 
an attempt to accelerate the dissolution process. These modifications led to the generation of SmI2 in 
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31% yield. However, after 18 h, solid pieces of Sm metal still remained unreacted inside the deep blue 
solution of SmI2. Due to these observations, Sm metal was purchased as a fine powder instead of metal 
chips. Surprisingly, despite following the same reaction procedure as previous attempts, in this case 
SmI2 generation occurred in only 24% yield according to iodometric titration. 
In all cases, solutions of SmI2 were titrated and used immediately. In the different reductive epoxide 
opening reactions performed, a solution of SM 67 in THF and MeOH was added to the freshly generated 
SmI2 solution at -78 °C. SmI2 equivalents used were kept at 2.1 in all cases. In order to increase reaction 
yield, changes were applied to the solvent used for extraction after THF removal as well as to reaction 
time. In Table 16, the different results obtained during reaction optimisation using SmI2 purchased or 
generated in situ are displayed. 
Table 16: Reductive epoxide opening optimisation 
 
Entry SmI2 origin t (h) Extraction solvent Yield (%) 
1 Generated in situ 2.5 Et2O 22 
2 Generated in situ 2.5 EtOAc 25 
3 Generated in situ 48 EtOAc 61 
4 Purchased 2.5 Et2O 63 
5 Purchased 2.5 EtOAc 60 
In general, the reactions in which purchased SmI2 was used gave better yields compared to those using 
SmI2 generated in situ. The change in solvent used for the extraction procedure did not alter significantly 
the yield, which was lower than that reported in the literature for the same reaction (95%). In those 
reactions where the reducing agent was generated in situ, an important improvement in yield was 
observed when increasing the reaction time from 2.5 to 48 h (entry 3). In that attempt, the reaction 
mixture was filtered prior to solvent evaporation and extraction, eliminating the solid impurities formed 
during SmI2 generation. The improvement in yield could have been caused by the formation of more 
SmI2 from the leftover metal over 48 h. The next suggested experiments were increasing the reaction 
time to 48 h while using purchased SmI2, or leaving SmI2 generation from Sm metal for longer time 
periods. However, further material was not required so these experiments were not undertaken. 
After reaction optimisation, the solvent system (DCM/EtOAc [2:1]) was finally selected, giving a 
correct separation between 67 (Rf 0.6) and 68 (Rf 0.17). 
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In conclusion, a reductive ring opening using SmI2 was successfully applied to a bicyclic α,β-epoxy-
lactam 67. The reactions which used purchased SmI2 gave a better overall yield than those in which the 
reducing agent was generated in situ, provided the volume of reagent was adjusted to its effective 
concentration. The reagent concentration was determined by iodometric titration in all cases prior to the 
reaction. For the purchased bottles of SmI2 0.1 M in THF used, the average concentration measured 
was 0.050 ± 0.003 M. 
2.6.2.2. Epoxide opening using (PhSe)2 
During the reaction optimisation applied to SmI2-promoted epoxide opening, an alternative procedure 
was chosen hoping for a faster, better-yielding procedure. As seen in section 2.6.1, organoselenium-
mediated epoxide opening had been used in the literature before, and offered a suitable alternative in 
this case (Scheme 77).  
 
Scheme 77: Organoselenium-mediated epoxide ring opening 
The experimental procedure by Tanaka et al. was followed.182 In the first attempted procedure, it was 
observed how (PhSe)2, purchased as a yellow solid, did not completely dissolve into an ethanolic 
solution, even after sonication. According to the published method, addition of NaBH4 should lead to 
the desired reactive phenyl selenide anion after vigorously stirring for 20 min.  Addition of the reducing 
agent did cause the expected effervescence, but the solution showed turbidity even after stirring 
vigorously for 1 h. After that time, AcOH was added as an alkoxide scavenger, and the resulting solution 
was cooled to 0 °C. It was then transferred to an ethanolic solution of epoxide 67, and stirred for 1 h. 
Epoxide 67 was not completely dissolved in EtOH before adding the selenide reagent. According to 
TLC, only partial consumption of 67 had occurred after 1 h. GC-MS analysis revealed, together with 
67 (m/z 216 [M+]) and (PhSe)2 (m/z 314 [M+]), the presence of the desired product hydroxy-lactam 68, 
whose retention time and MS fragmentation pattern matched that obtained previously in SmI2-mediated 
opening.  
The reaction mixture was diluted with EtOAc, giving a transparent solution. The solution was then left 
open to air for 2 h, aiming to achieve the desired oxidation of the selenide reagent back to inactive 
(PhSe)2., and the mixture was washed with brine. Purification by flash column chromatography 
(DCM/MeOH [20:1]) gave first (PhSe)2, followed by recovered epoxide 67 (24%) and hydroxy-lactam 
68 (65%). NMR spectra of the product 68 were identical to those obtained previously in SmI2-mediated 
ring opening. 
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In a second reaction attempt, a small amount of EtOAc to both ethanolic solutions of (PhSe)2 and SM 
67. This led to the complete dissolution of both reagents. The procedure was then applied as above, and 
it led to the isolation of 68 in 56% yield. Seeing how the yield decreased, in the final attempt EtOAc 
was not added to the reaction mixture; ~2 g of epoxide 67 were used, and a similar yield of product was 
obtained. Chromatographic conditions were modified: a first non-polar solvent system of (DCM/EtOAc 
[2:1]) was used to elute the recovered (PhSe)2, followed by (DCM/MeOH [20:1]). In Table 17, the 
results obtained are summarised. 
Table 17: Results of organoselenium-mediated epoxide opening 
 
Entry (PhSe)2 eq. NaBH4 eq. Yield (%) 
1 1.5 3 64 
2 1.5 3 56 
3 1.5 3 58 
In summary, organoselenium-mediated epoxide opening was a suitable alternative to SmI2-mediated 
opening for the substrate of interest 67. Despite the yield achieved being similar in both cases, the 
organoselenium-mediated procedure proceeded in less than 1 h, and did not require reagent preparation 
or titration. Unfortunately, due to time constraints the reaction could not be further optimised to give a 
better yield. 
2.7. Step 6: alcohol protection 
As part of our original synthetic plan, alcohol protection was included prior to aryl addition. Aryl 
addition was planned to be done using aryl lithiums and magnesiums, so the protective step was 
considered necessary to avoid alcohol deprotonation, which could lead to the requirement of two 
equivalents of aryl metallic, precipitation of alkoxide salts, lower yields and by-product formation. The 
first protective group chosen was tert-butyldimethylsilyl ether (TBS), as it is stable in the presence of 
both RLi and RMgBr. Due to observations made during the addition step presented later, benzyl ether 
protection was also applied at a later stage of the project. In this section, both approaches are discussed. 
2.7.1. Alcohol TBS protection 
Alcohol TBS protection was applied following the well-known methodology developed by Corey and 
Venkateswarlu,187 which had been previously applied to hydroxylactam 68 by Herdeis and Hubmann 
(Scheme 78).98  
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Scheme 78: Alcohol TBS protection 
The reaction was performed by stirring a mixture of 68, TBSCl and imidazole in anhydrous DMF at 40 
°C for 6 h. Anhydrous MeOH was then added, and the mixture stirred for 1 h. GC-MS monitoring 
revealed total consumption of the starting material 71 over time and generation of 270 (m/z 276 [M-
C(CH3)3]+). After work-up, 1H-NMR analysis revealed the presence of the expected TBS signals at 0.88 
ppm (9 H) and 0.07 ppm (6 H). Purification by column chromatograpy (Pet. ether/EtOAc [4:1]) gave 
270 as a colourless oil. In a second attempt, the reaction time was increased to 14 h. NMR analysis of 
the crude material revealed higher purity, and 270 was successfully isolated following the same 
chromatographic procedure, giving a similar yield (For NMR details, see section 6.2.10 and Appendix 
A.10.). In Table 18, results for alcohol TBS protection are summarised, including reaction conditions 
and yield obtained.  
Table 18: Results alcohol TBS protection 
 
Entry TBSCl eq. Imidazole eq. T (°C) t (h) Yield (%) 
1 1.25 2.5 40 6 81 
2 1.25 2.5 40 14 74 
 
2.7.2. Alcohol benzylation 
Alcohol benzylation is a reaction commonly found in the literature.188, 189 The corresponding benzyl 
ether is typically generated using the Williamson ether synthesis, which consists of alcohol 
deprotonation and subsequent reaction with a benzyl halide. It can stand a variety of synthetic 
conditions, including the use of aryl lithiums and magnesiums. Its deprotection is achieved by 
hydrogenation.190 In this project, previous synthetic steps revealed how the N,O-acetal protective group 
was stable against strong bases. However, amide enolisation was a cause for concern. For that reason, 
only up to 1 eq. of base was applied in this reaction, as the base should preferentially deprotonate the 
alcohol. The base chosen was sodium hydride (Scheme 79). 
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Scheme 79: Alcohol benzylation 
In the initial attempts, the reaction was performed in anhydrous THF. NaH was added as a 60% 
suspension in mineral oil at 0 °C. After letting the reaction stir for 1 h at RT to allow deprotonation, 1 
eq. of BnBr was added. Unfortunately, GC-MS monitoring showed that BnBr had not been consumed, 
and that starting material 68 was still part of the reaction mixture even after 20 h since reaction start. 
After work-up and flash column chromatography (Pet. Ether/EtOAc [1:2]), unreacted BnBr was 
isolated, followed by hydroxy-lactam 68. 
A change applied to the reaction was the introduction of tetrabutylammonium iodide (TBAI). This 
reagent is thought to accelerate the reaction through in situ formation of more reactive benzyl iodide. 
The other experimental conditions were not modified. Once again, GC-MS monitoring did not reveal 
any product formation, showing unreacted BnBr and 68, together with BnI even after 16 h. Due to these 
results, an extra eq. of NaH was added and the reaction mixture was heated at reflux for 4 h. 
Unfortunately, similar results were obtained by GC-MS after a total of 20 h since reaction start. Due to 
the poor results obtained, an alternative procedure by Wang et al. was applied. In their tertiary alcohol 
benzylation, DMF was the solvent used and the equivalents of BnBr were gradually increased to 
improve the ratio of desired (273) to undesired (274, 275) stereoisomers (Table 19).  
Table 19: Tertiary alcohol protection by Wang et al.191 
 
Entry T (°C) BnBr:DMF 
Product distribution (NMR) 
273 (%) 274 (%) 275 (%) 
1 0 2 eq. BnBr 24 71 5 
2 0 1:2 60 40 - 
3 0 3:1 80 20 - 
4 -15 3:1 90 10 - 
Reaction conditions: 85 (1 eq.), NaH (1.5 eq.), n-Bu4NI (1.2 eq.)  
In the case presented above, the presence of an ester on 7a-C gives rise to a reversible retro-aldol 
reaction, leading to the formation of the different isomers, which cannot occur in the substrate of interest 
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68. However, the conditions applied by Wang et al. in entry 4 were still used, hoping that the change in 
solvent and the large excess of BnBr would lead to an improvement in the reaction outcome.  
NaH was added to the mixture of 68, BnBr and TBAI at -15 °C in two portions. The mixture was then 
allowed to warm to 0 °C. The reaction was followed by LC-MS and, after 1 h, it showed total 
consumption of SM, together with the presence of the desired product 271. After work-up, 1H-NMR of 
the crude mixture confirmed the presence of a benzylated hydroxyl group due to the characteristic aryl 
signals and the two doublets 1H present at 4.56 and 4.48 ppm (Ph-CH2). The crude was purified by 
column chromatography (Pet. ether/EtOAc [2:1]), giving 271 as a yellow oil (40%), which was 
characterised by NMR analysis (Section 6.2.11, Appendix A.11). 
In summary, the use of a large excess of BnBr and DMF as solvent led to the successful production of 
the desired benzylated product 271 in average yield. The product was consumed in the different aryl 
addition trials. Due to the results obtained in those, it was decided not to generate more benzylated 
alcohol, and to use unprotected alcohol instead in a different pathway. For this reason, the alcohol 
benzylation reaction was not further optimised. 
2.8. Step 7: aryl addition to lactam and reduction 
2.8.1. Literature background 
The nitrogen lone pair found in amides is conjugated with their carbonyl group. Additionally, there is a 
secondary electronic delocalisation from the oxygen lone pair into the antibonding orbital of the C-N 
sigma bond (σ*). Due to these properties, amides are less prone to nucleophilic attack compared to other 
carbonyl groups, and often require a preactivation step (e.g. activation with EWGs such as imidoyl 
triflate or Lewis acids).192 To circumvent this, N-alkoxy amides such as the Weinreb amide can be used, 
as the stable five-membered ring generated upon addition allows the reaction to occur.193  
Addition of organometallics to amides can also give the corresponding imines or amines. The latter are 
generated through reduction of the iminium ion, which is formed after the addition step. The choice of 
reducing agent plays a crucial role in determining the stereochemical outcome of the reaction. 
 In 1985, Hwang et al. studied the formation of α-substituted amines by addition of aryl lithiums to 
different lactams.194 In their investigation, several reducing agents were applied, which gave different 
product ratios (277 vs 278). Their results are summarised in Table 20.  
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Table 20: Results aryl lithium addition by Hwang et al.194 
 
Reducing agent trans/cis (277/278) Yield (%) 
LiAlH4 0.5:1 80 
NaBH4 3:1 60 
DIBALH 3:1 70 
DIBALHa 4:1 71 
BH3·SMe2 3:1 80 
LiAlH4-AlMe3 0.8:1 60 
LiAlH4-TiCl4 4:1 60 
aDCM added as a co-solvent. 
The experiment revealed that enhancing the reactivity of reducing agent without increasing its effective 
size led to a higher proportion of trans product 277. It was hypothesised that, by using more reactive 
reducing agents, the reaction proceeded via earlier transition states allowing the formation of more 
encumbered TS.  
According to Hammond's postulate, the structure of a transition state resembles that of the species 
nearest to it in free energy.195 As a result, if the TS closely resembles the reactants it is called “early” 
TS, while a “late” TS is similar to the intermediate or product (Figure 29). 
 
Figure 29: Hammond's postulate: "early" vs "late" TS195 
In this reaction, the “early”, more hindered TS is that presenting a methyl group in pseudoaxial position 
279, which leads to the trans product 277 (Scheme 80). In contrast, formation of late transition states 
was thought to increase the ratio of cis isomer 278. The proposed reason why trans product 277 was 
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preferentially obtained in earlier TS was the presence of allylic strain (A1,2), which favours the TS with 
the nucleophile on the same face as the substituent α to the nitrogen atom (Me). The corresponding 
reaction TS are shown in Scheme 80 (Substituents causing A1,2 strain in red).  
 
Scheme 80: Transition states formed in iminium ion reduction by Hwang et al.194 
The effect that different reducing conditions has on the reaction stereochemistry has also been studied 
in analogous additions of Grignard reagents to different lactams, such as piperidones196 or bicyclic γ-
lactams.197  
As seen above, reaction diastereoselectivity can also be influenced by the nature of the SM. Snider and 
Grabowski performed the addition of MeMgBr to lactam 281 during their synthesis of (-)-Cermizine C 
(283).198 Surprisingly, hydride addition using NaBH4 took place stereoselectively from the bottom face 
due to the shielding effect of the methyl group on C2, giving 283 as single product (Scheme 81). 
 
Scheme 81: MeMgBr addition and NaBH4 reduction from Snider and Grabowski198 
Organometallic addition to analogous substrates can be repeatedly found in the literature, as it 
constitutes a viable synthetic pathway to generate different indolizidine alkaloids. Several examples 
include methyl magesium addition in the synthesis of (±)-monomorine I (284), n-hexyl magnesium in 
gephyrotoxin 209D (285), or aryl magnesium in (-)-lasubine (286). These are displayed in Figure 30 
(group added in red). 
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Figure 30: Indolizidine alkaloids synthesised by nucleophilic addition to lactams 
As reviewed in section 1.8.1.2, Kamath et al. used this chemistry to introduce a lithiated 9-
deazahypoxanthine 90 to lactam 89 in their synthesis of forodesine.104 After screening several reducing 
agents, the best anomeric ratios were achieved with light reducing agents such as BH3·Me2S, which was 
finally selected, giving 94 with a β/α ratio of 4:1 (Scheme 82).  
 
Scheme 82: Aryl addition on bicyclic lactam by Kamath et al. 
2.8.2. Results 
After reviewing the literature, it was determined that addition of both aryl lithiums and aryl magnesiums 
and subsequent reduction would be trialled on the substrate of interest. Due to the low quantities of 
starting material available, the reactions were first attempted on the model substrate previously used 1-
benzylpyrrolidin-2-one 246.  
2.8.2.1. Aryl lithium addition on model substrate 
The first reaction attempted used phenyl lithium as nucleophile and LiAlH4 as reducing agent, as it gave 
the highest yield in the study published by Hwang et al. on a similar substrate (Scheme 83) 
 
Scheme 83: Phenyl lithium addition and hydride reduction on model substrate 
The organometallic was generated in situ by adding n-BuLi (2 eq.) to a solution of PhBr (2.3 eq.) in 
anhydrous THF at -78 °C. Once the solution was warmed to 0 °C, a solution of 246 in anhydrous Et2O 
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was added to it, causing the solution to turn golden. The mixture was then allowed to warm to RT and 
was further stirred for 1 h, during which time the solution turned pink. Then, LiAlH4 (1.5 eq.) in 
anhydrous THF was added dropwise, and the solution was stirred for 2 h. 
After usual hydride work-up, NMR analysis of the crude product revealed starting material 246 as the 
major component with very minor impurities, confirmed after comparing both 1H-NMR and 13C-NMR 
spectra to those performed on SM.  
At this stage, two hypotheses were formulated to explain the poor results obtained in the first reaction 
attempt: 
a) Phenyl lithium was not successfully generated in the reaction mixture 
b) Phenyl lithium was generated, but acted as a base to generate the enolate of 246 
To test these hypotheses, the reaction was repeated using the same experimental conditions. After 
presumably generating the organolithium reagent, an aliquot of the solution was taken and added to a 
solution of benzaldehyde in anhydrous THF at 0 °C under inert atmosphere. The resulting mixture was 
characterised by GC-MS 1 h and 72 h after addition (Figure 31). 
 
Figure 31: Products detected by GC-MS after aryl lithium addition to benzaldehyde 
From these results, it was concluded that by-product butylbenzene 290 was being formed during PhLi 
generation, which hindered normal reaction progress. A proposed mechanism for formation of 290 is 
displayed in Scheme 84. However, a small amount of desired organolithium was also generated, as 
shown by the presence of alcohol 292 in the reaction mixture. 
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Scheme 84: Proposed mechanism for butylbenzene formation 
Despite formation of by-product 290 seeming to be a plausible cause for the failure of aryl addition, it 
was surprising that 290 could not be isolated after reaction work-up. It was suggested that, following 
hypothesis b), on that occasion formation of PhLi had been successful. However, the organolithium 
could have been immediately protonated as the solution of 246 in anhydrous Et2O was added to it, 
giving benzene as product and hence being evaporated after work-up.   
To test hypothesis b), the reaction was repeated using the same experimental conditions, except for 
PhLi, which for this experiment was purchased as a solution in anhydrous dibutyl ether. Once lactam 
246 had been added to the solution of PhLi at 0 °C, the mixture was warmed to RT and stirred for 1 h. 
After that time, an aliquot was taken and added to a vial with D2O. The mixture was then extracted with 
CHCl3 and analysed by NMR spectroscopy and GC-MS. 1H-NMR analysis showed a complex mixture 
of products, which did not allow investigation of possible lactam enolate deuteration. However, the 
following products were detected by GC-MS (Figure 32): 
 
Figure 32: Products detected by GC-MS in PhLi addition to 246 
Despite some SM 246 still being present in the reaction mixture, a product showing mass-to-charge 
ratio of 235 as its molecular ion showed the highest abundance in GC-MS. It was hypothesised that 
such product could be 298, generated from the iminium ion which is formed in the aryl addition step. 
Besides, no product showing m/z of ~176 ([M+] deuterated 246) was detected, suggesting that the 
formation of lactam enolate was negligible.  
With these results in hand, the mixture was allowed to stir for 1 h, aiming for total conversion. Then, 2 
eq. of LiAlH4 were added at 0 °C. The reductive step was monitored by GC-MS. Since 298 was still 
present after 1.5 h, another 2 eq. LiAlH4 were added and the mixture was stirred for 18 h, after which 
298 completely disappeared. Once the excess hydride had been added, pyrrolidine 300 was also detected 
by GC-MS, generated by reduction of the trace of unreacted SM 246 still present in the mixture. The 
expected products detected by GC-MS were accompanied by dibutyl ether 299 and biphenyl 297, owing 
to the use of purchased PhLi. Results are displayed in Table 21. 
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Table 21: GC-MS results of LiAlH4 reduction performed after PhLi addition on model substrate 
 
 
Ratio by GC-MS (%) 
      
t (h) 298 299 287 246 297 300 
0.5 40 33 12 5 4 - 
1.5 33 34 19 3 4 - 
2.5 21 33 33 1 4 5 
18 1 38 49 - 3 5 
 
The reaction was worked-up after quenching the excess hydride and column chromatography (Pet. 
Ether/EtOAc [18:1]) allowed to isolate 287 as a colourless oil in 44% yield, which was characterised 
by NMR spectroscopy (Section 6.2.12, Appendix A.12). It was therefore proven that aryl lithium 
addition and subsequent hydride reduction could be applied to a model substrate 246. Due to the 
problems arising from PhLi generation in situ, it was decided that the first trials on the bicyclic lactam 
270 would be performed using purchased PhLi.  
2.8.2.2. Aryl magnesium addition on model substrate 
Together with the aryl addition performed using PhLi on the model substrate 246, it was decided to 
attempt the reaction on the same lactam using aryl magnesiums. In this case, the reaction conditions 
applied were those used by Brenneman et al. on a similar substrate.199 In their work, a variety of Lewis 
acids and reducing agents were screened: the combination of BF3·OEt2 and L-selectride provided the 
best yields while also giving the desired diastereoisomer preferentially (Scheme 85). The reaction was 
later replicated by Chu et al., giving similar results.200  
 
Scheme 85: 3-butenylmagnesium bromide addition by Brenneman et al.199 
In this project, phenyl magnesium bromide was generated by adding bromobenzene to a suspension of 
Mg turnings in THF and heating the mixture at reflux for 1 h. Successful generation of the Grignard 
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reagent was confirmed by taking a small aliquot and adding it to a solution of benzaldehyde, which led 
to the detection of diphenylmethanol by GC-MS. The solution was then transferred to a solution of 
lactam 246 in THF at -78 °C, and the reaction was stirred for 1 h. To this solution, BF3·OEt2 and L-
selectride were successively added, before stirring the mixture for 1.5 h at -78 °C. Unfortunately, GC-
MS analysis after that time revealed that the mixture contained SM 246 and pyrrolidine 300 as major 
products, with no sign of the desired pyrrolidine 287 (Scheme 86).  
 
Scheme 86: Attempted phenylmagnesium bromide addition to model substrate 246 
The poor results were attributed to the lower nucleophilicity of phenyl magnesium bromide compared 
to the butenyl magnesium bromide used by Brennenman et al. It was suggested that the addition step 
was performed at higher temperature to favour reaction progress. As a result, two reactions were set up 
simultaneously (A and B), using the same experimental conditions except for the reaction temperature 
during the addition step, which was increased to -20 °C and 0 °C, respectively. GC-MS monitoring 
showed that 2 h after phenyl magnesium addition, a negligible amount of SM 246 was left in reaction 
B (0 °C), while still being the major product in reaction A (-20 °C).  
Both reaction mixtures were then warmed to RT and left stirring over 16 h. After that time, GC-MS 
analysis revealed successful iminium ion formation (m/z 235 [M+]) in both cases, with no appreciable 
presence of 246. Addition of BF3·OEt2 and L-selectride at -78 °C led, after 2 h, to the reduction of the 
intermediate to the desired pyrrolidine 287 quantitatively, according to GC-MS data (m/z 237 [M+]). 
287 was the major product in the mixture together with triisopropylboroxin (m/z 210 [M+]), a boronic 
ester impurity. After work-up, purification by column chromatography was challenging, as numerous 
impure fractions were obtained after 2 flash columns. For the purpose of this experiment, 65 mg of 
pyrolidine 287 were isolated pure and characterised by NMR spectroscopy. The different spectra 
attained were identical to those produced by the product of PhLi addition to 246. The reported yield for 
this reaction was only 10%, and chromatography optimisation was required in future reaction attempts.  
It was concluded that the phenyl magnesium addition to a model lactam and subsequent hydride 
reduction could be successfully achieved, provided the addition step was performed at higher 
temperatures than those reported in the literature. Unlike the aryl lithium alternative, in this case the 
magnesium could be easily generated in situ. However, purification by column chromatography was 
challenging, and 1% Et3N ammonia in methanol/DCM would be included in future reaction attempts. 
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2.8.2.3. Aryl lithium addition to bicyclic lactam 
Phenyl lithium addition to bicyclic lactam 270 was attempted following the same procedure that gave 
the desired product for the model substrate (Scheme 87).  
 
Scheme 87: Attempted PhLi addition and hydride reduction on bicyclic lactam 270 
A solution of 270 in anhydrous THF was added to a purchased solution of PhLi in anhydrous dibutyl 
ether at 0 °C. The solution was stirred for 2 h, after which an aliquot was taken and GC-MS analysis 
was performed. No appreciable amount of 270 was left in the reaction mixture according to GC-MS. 
However, among the different products present in the GC-MS trace, the desired iminium ion (m/z 394 
[M+]) could not be detected. Reduction with LiAlH4 (4 eq.) followed, which was monitored by GC-MS. 
Surprisingly, 18 h after hydride addition, only the following three products were detected as major 
components of the reaction mixture by GC-MS (Figure 36). 
 
Figure 33: Main products detected by GC-MS after aryl lithium addition and hydride reduction on bicyclic lactam 270 
The presence of 297 and 299 was expected, as they were impurities from the purchased PhLi solution 
which had also been detected on previous reactions on the model substrate. Detection of 304, however, 
indicated the possible deprotection of the TBS group during the reductive step, or an elimination 
reaction to give back the α,β-unsaturated lactam 66. Usual hydride work-up was performed, followed 
by purification by column chromatography (Pet. Ether/EtOAc [1:1] and DCM/EtOAc [1:1]). 
Surprisingly, NMR and GC-MS characterisation of the different fractions isolated confirmed the 
presence of 299, but also revealed that the major product (84 mg, >99%) showed a very simple 1H-
NMR. Further NMR characterisation revealed that the product was 3-phenylpropan-1-ol 305. Together 
with the aryl signals, its 1H-NMR spectrum showed the three characteristic CH2 signals (2 t + 1 qn) 
which presented the expected correlation by COSY NMR.  
 
Figure 34: 3-phenylpropan-1-ol isolated as a by-product of phenyl lithium addition. Chemical shifts displayed in ppm. 
  2. Synthesis of 2-(hydroxymethyl)pyrrolidines 
92 
 
By-product 305 could be seen as a fragment of the desired product 303. However, the mechanism of its 
formation during the reaction could not be rationalised. Once 305 had been characterised, the 
chromatographic system was flushed with DCM/MeOH (9:1) with increasing amounts of NH3, aiming 
for the elution of compounds trapped in the system. Unfortunately, no appreciable amounts of products 
were eluted, indicating possible decomposition in the column or generation of volatile products.  
The reaction was later repeated, on this occasion following the procedure applied by Kamath et al.104 
The starting material of choice was the benzyl-protected bicyclic lactam 271. The substitution of the 
TBS protecting group for a benzyl group was for several reasons: firstly, it was the closest protecting 
group to the benzylidene acetal used in Kamath’s reaction. Secondly, it had the objective of preventing 
deprotection during the reaction, as observed in Figure 33. Moreover, it was decided that a final double 
debenzylation step via hydrogenation would be desirable to save one synthetic step. The attempted 
reaction is displayed in Scheme 88. 
 
Scheme 88: Phenyl lithium addition performed following the procedure published by Kamath104 
Benzylether-lactam 271 was added to a solution of PhLi in anhydrous Et2O and anisole at -20 °C. The 
reaction was monitored by LC-MS for 18 h. During this time, the expected disappearance of SM 271 
(m/z 310 [M+H]+) occurred. However, the product whose abundance increased over time did not 
correspond to 306 (m/z 388 [M+H]+). Instead, its molecular ion displayed m/z 403, an increase of 15 
m/z units from the expected value. This fact could be attributed to the use of MeOH as solvent in the 
reaction. However, attempts to purify the crude gave a complex mixture of products. The reaction was 
repeated several times, and the purification step failed to give the desired product, as either unreacted 
271 or complex mixtures of by-products were generated. For that reason, this methodology was 
abandoned in favour of other synthetic options. 
2.8.2.4. Aryl magnesium addition to bicyclic lactam 
The first attempted arylmagnesium bromide addition/reduction to the TBS-protected bicyclic lactam 
270 was performed following the experimental conditions successfully applied to the model substrate 
246 (Scheme 89). 
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Scheme 89: Phenyl magnesium addition to bicyclic lactam 270 and subsequent reduction 
PhMgBr was generated in situ and added at 0 °C to a solution of 270 in anhydrous THF. After 1.5 h, 
GC-MS analysis showed almost complete disappearance of 270. The reaction mixture was left stirring 
for 16 h at RT, and BF3·OEt2 (6.12 eq.) and L-selectride (2 eq.) were successively added at -78 °C. The 
mixture was warmed to RT and stirred for 2 h, after which time it was worked-up. GC-MS performed 
on the crude product revealed the existence of biphenyl as an impurity, together with an unknown 
product as the major component. Its mass spectrum is displayed in Figure 35. 
 
Figure 35: Mass spectrum shown by unknown major component of crude mixture after phenyl magnesium addition to 
bicyclic lactam 270 
 It was hypothesised that the product matching the mass spectrum above could be pyrrolidine 307 
(Figure 36), generated after unsuccessful aryl addition and a total reduction of both amide carbonyl and 
N,O-acetal protecting groups, with subsequent loss of benzyl. This product, with a MW of 232 g·mol-
1, matched the molecular ion peak in the mass spectrum, and both 174-175 and 131 were attributed to 
fragmentations of the TBS group. However, in the mass spectrum above, 91 and 105 were also present, 
typically associated with tropilium and C7H5O+ cations. For that reason, another possibility for the 
unknown compound was 308, whose molecular ion (m/z 319) was not detected. Both compounds are 
displayed in Figure 36. 
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Figure 36: Possible products aryl magnesium addition to bicyclic lactam 270 
In order to disclose the identity of the product, the crude mixture was purified by column 
chromatography (Pet. Ether/EtOAc [9:1]), which was flushed with DCM/MeOH (9:1). The fraction in 
the flush containing the unknown product together with others was analysed by 1H-NMR, which 
revealed the presence of aryl signals. However, the characteristic signal at ~ 6.3 ppm corresponding to 
3-H was not observed. Finally, the mixture was analysed by HRMS. Results revealed that the major 
product after the reaction was 309 (Scheme 90, HRMS (EI) Found: 321.2146 (C18H31NO2Si requires 
321.2124)). This explained why the signal mentioned above had not been detected by 1H-NMR. It was 
concluded that the phenyl magnesium had not added to the lactam carbonyl. As a consequence, the 
reducing agent had reduced the amide group to give a pyrrolidine. Moreover, the use of L-selectride (2 
eq.) had also led to the dealkoxylation of the N,O-acetal group present in 270. Such a transformation 
can be found in the literature for similar substrates when subjected to treatment with LiAlH4201, 202 or 
hydrogenolysis.203 
 
Scheme 90: Formation of abasic pyrrolidine 309 via reduction of bicyclic lactam 270 
After this final unsuccessful attempt, the aryl metal addition was abandoned. However, the reaction 
provided an interesting way of generating abasic 2-(hydroxymethyl)pyrrolidines in the future. 
2.9. Synthesis of 3-hydroxypyrrolidin-2-yl methyl dihydrogen phosphate 
2.9.1. Introduction 
Due to the challenges faced during the aryl addition reaction and its extended optimisation, alternative 
AAG inhibitors 2-(hydroxymethyl)pyrrolidines 311 and 313 were proposed along with their synthetic 
pathway from bicyclic lactam 68. These either kept the aryl group attached via a methylene linker to 
the N-atom in the hope that it may still occupy AAG’s base-binding pocket, or removed it but added a 
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phosphate group to investigate whether a single nucleotide analogue of the abasic pyrrolidine-
containing DNA (PYR) oligomer maintained any inhibitory activity. The route involved borane-
mediated reductive ring-opening of the hemiaminal, phosphorylation and finally O- and N-
debenzylation, to give final pyrrolidine phosphate 313 (Scheme 91). 
 
Scheme 91: Proposed synthesis of [(2R,3S)-3-hydroxypyrrolidin-2-yl]methyl dihydrogen phosphate 313  
2.9.2. Literature background 
2.9.2.1. Pyrrolidinone reduction 
Reduction of lactam amides to amines has been extensively reported in the literature. The reducing 
agent of choice is usually LiAlH4. However, its poor chemoselectivity has caused numerous alternative 
hydride reagents to be used, such as DIBALH,204 LiH3BNMe2,205 9-BBN,206 or NaBH4 with Tf2O 
activation.207 
As seen in Scheme 90, the use of hydride reagents can cause the reduction of N,O-acetals. This has been 
previously experienced for the substrate 68, of interest in this project. The amide carbonyl and the N,O-
acetal were reduced in a one-pot procedure using borane-dimethyl sulphide (BH3·SMe2) by Herdeis and 
Hubmann (Scheme 92). The reaction was performed for both 68 and the TBS-protected alcohol 270, 
with a yield of 92% and 71% respectively.98 Langlois and Rakotondradany applied the same 
transformation to an analogous pyrrolidinone, achieving a 86% yield.208 
 
Scheme 92: Lactam reduction using borane-dimethyl sulphide by Herdeis and Hubmann98 
2.9.2.2. Alcohol phosphorylation 
Alcohol phosphorylation is usually achieved by treatment with phosphoryl chloride (POCl3) followed 
by hydrolysis. However, protection of other functional groups susceptible to phosphorylation is required 
when applying this procedure. To overcome this problem, remarkably important for polyhydroxylated 
compounds such as carbohydrates or nucleosides, several methods of selective phosphorylation of 
primary alcohols have been published.209, 210  
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This chemistry has been thoroughly investigated in our group. In his work, Chu applied dibenzyl 
iodophosphate, prepared by Arbuzov reaction from tribenzyl phosphite and iodine, to selectively 
phosphorylate the 5’-hydroxyl group of an εC-containing nucleoside (Scheme 93).89  
 
Scheme 93: Selective 5'-hydroxyl phosphorylation by Chu89 
Interestingly, both monobenzyl and dibenzylphosphates were obtained by this method, which showed 
excellent selectivity. Dibenzylphosphate 53 was then debenzylated by hydrogenation on Pd/C to give 
the desired εC nucleotide in 90% yield. 
2.9.2.3. One-pot debenzylation 
Amine debenzylation applied to pyrrolidine 311 is well-documented in the literature. It usually involves 
a one-step hydrogenation over Pd/C with a catalytic amount of HCl (c),211, 212 or a two-step 
transformation going through the Boc-protected pyrrolidine.98 In both cases, the pressure applied in the 
hydrogenation step ranged from 7 to 20 bar. The reaction showed excellent yield in the different cases 
reviewed (71 – 90%). It is hypothesised, therefore, that a similar hydrogen pressure should hydrolyse 
both the N-benzyl group and the different O-benzyl groups protecting the phosphate moiety, as their 
removal was reported to be achieved at 1 bar.89 
2.9.3. Results 
2.9.3.1. Pyrrolidinone reduction 
The reaction was performed on alcohol 68 following the conditions applied by Herdeis et al. (Scheme 
94).98  
 
Scheme 94: Reduction of bicyclic lactam 68 with BH3·SMe2 
4 equivalents of reducing agent (BH3·SMe2, 2 M in toluene) were added to a solution of SM 68 in 
anhydrous THF. The reaction mixture was warmed to 70 °C, and was left stirring for 2 h, in which time 
it turned from pale yellow to colourless. After quenching the reaction with water, which caused 
effervescence, HCl (2 M) was added. The solvent was evaporated, the residue was suspended in HCl (5 
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M), and the mixture was heated at reflux for 5 min, after which it turned orange. This type of work-up 
had the purpose of hydrolysing both the excess borane and the amine-borane 320 complex formed in 
the reaction (Scheme 95).213  
 
Scheme 95: Reaction mechanism for the reduction of an amide to an amine using a borane complex 
Once at RT, the pH of the solution was adjusted with NaOH until alkaline, which caused the mixture to 
turn yellow. Work-up and purification by column chromatography (DCM/EtOAc [2:1]) gave the 
desired pyrrolidine as a yellow oil in 82% yield. The product was characterised by NMR analysis, and 
the spectra obtained were in good agreement with those published by Herdeis and Hubmann (Section 
6.2.13, Appendix A.13). The reaction was repeated keeping the same experimental conditions except 
for the reaction time, which was increased to 4 h. Similarly, the product could be successfully isolated 
in 92%, albeit with minor impurities. 
2.9.3.2. Alcohol phosphorylation 
Selective primary alcohol phosphorylation was attempted following the reaction conditions applied by 
Chu on an analogous substrate (Scheme 96) 
 
Scheme 96: Attempted selective primary alcohol phosphorylation 
Iodine was added to a solution of tribenzylphosphite in anhydrous DCM with stirring at -20 °C. The 
resulting mixture was then slowly added to a solution of 311 in anhydrous pyridine at -20 °C, which 
turned the solution yellow. The mixture was allowed to warm to RT and it was stirred for 2 h, after 
which time it was quenched by addition of water. DCM evaporation followed, and the crude mixture, 
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still showing abundant presence of pyridine by 1H-NMR, was purified by column chromatography 
(DCM/MeOH [0% to 10% MeOH]). Unfortunately, NMR analysis of the resulting fractions revealed 
that the main product isolated was the pyridinium salt 326, a by-product formed during the reaction. 
The proposed mechanism of its formation is displayed in Scheme 97.  
 
Scheme 97: Mechanism of formation of pyridinium salt 326 
The formation of such a by-product had been previously reported by Chu. In his work, after several 
unsuccessful attempts, it was determined that the presence of water and EtOH as solvent residues in the 
SM was hampering the reaction success. This fact was corrected by using anhydrous pyridine and 
removing the solvent residue by azeotropic evaporation with toluene. Unfortunately, in this work the 
reaction could not be further investigated due to time constraints and lack of available starting material. 
2.10. Conclusion 
The planned synthesis of a variety of 2-(hydroxymethyl)pyrrolidines from L-pyroglutaminol could not 
be successfully completed. After several steps which required extensive optimisation, the key aryl 
metallic addition to the lactam carbonyl, successfully tested on a model substrate with both phenyl 
lithium and phenyl magnesium bromide, could not be achieved on the bicyclic lactam involved in the 
synthesis.  
For this reason, alternative investigative inhibitors were designed. The desired intermediate in that 
pathway, abasic pyrrolidine 311, could be isolated in excellent yield. However, initial attempts to 
selectively phosphorylate the primary hydroxyl group on 311 led to the isolation of a pyridinium salt 
by-product 326. Due to time constraints and lack of available starting material, this alternative route 
could not be investigated further, and as a result it is included in the future work proposed to continue 
the project 
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3. Synthesis of 4-(hydroxymethyl)pyrrolidines 
3.1. Introduction 
In this chapter, synthetic details of the different steps involved in the synthesis of 4–
(hydroxymethyl)pyrrolidines are presented. Each section generally starts with a short review of the 
literature precedent available for that step, which was ultimately used to choose the experimental 
conditions applied. Finally, the results for each synthetic step are discussed. The synthetic route, first 
presented in section 1.8.2.3, is displayed in Scheme 98. 
 
Scheme 98: Proposed synthesis of 4-(hydroxymethyl)pyrrolidines 
3.2. Step 1: formation of N-benzyl tertiary amine 102 
3.2.1. Literature background 
The formation of amines from electron deficient alkenes is a widely used transformation, as the 
corresponding β-amino ketones, esters or amides are important building blocks in the synthesis of 
natural products such as β-aminoacids or β-lactams. One of the methods available involves an aza-
Michael addition, which requires either basic or acidic conditions. Several Lewis acid catalysts have 
been employed in this reaction in sub-stoichiometric amounts, such as InCl3,214 Cu(OTf)2,215 or 
iodine.216 In terms of bases, the general approach found in the literature uses either Et3N in EtOH,217 or 
NaOH in water.218, 219   
The reaction between ethyl acrylate and glycine ethyl ester hydrochloride 183 in a basic aqueous 
solution was the method chosen in this work to perform the first reaction in the synthesis of 4-
(hydroxymethyl)pyrrolidines, which was to be followed with a benzylation step to generate 102. This 
approach used economical materials, which were already available to our group at the time. Moreover, 
this combination of aza-Michael addition and benzylation had been successfully applied in our group 
in the past to give similar products. A possible alternative to generate intermediate 102, which was also 
considered, involved initial benzylation of 183, followed by reaction with ethyl chloroacetate.220 
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3.2.2. Results 
3.2.2.1. Aza-Michael addition 
The aza-Michael addition was performed following the procedure published by Allmendinger et al. for 
the same substrate (Scheme 99).219  
 
Scheme 99: Aza-Michael addition to ethyl acrylate 
Ethyl acrylate (1 eq.) was added dropwise at 0 °C to an aqueous solution of 183, which had been basified 
with NaOH (1 eq.) to give the corresponding free amine. The mixture was then allowed to warm to RT, 
after which it was stirred for 18 h. The work-up applied to the reaction involved extraction with DCM 
and washing with brine prior to solvent evaporation. In the different instances that the reaction was 
performed during the course of this project, the main impurities found in the crude mixture by GC-MS 
and NMR analysis were unreacted ethyl acrylate and tertiary amine 329, which appeared as a 
consequence of a second aza-Michael addition between 327 and ethyl acrylate 328 (Scheme 100). The 
formation of 329 had not been reported by either Allmendinger et al., or by Roglans et al.,221 who 
previously performed the reaction on the same substrate.  
 
Scheme 100: Mechanism of aza-Michael addition and formation of by-product 329 
Surprisingly, in several reaction attempts the desired product 327 was obtained as the only product in 
high purity after work-up, which allowed the next reaction to be performed directly on crude. In those 
occasions in which 329 was present, the crude was purified by column chromatography (DCM/EtOAc 
[2:1]) to isolate 327 as a colourless oil (Section 6.3.1, Appendix B.1). 
The reasons behind the variation in purity remain unknown, as identical experimental procedures 
applied during this research sometimes gave a high percentage of by-product 329. It was attempted to 
decrease the rate of addition of 328, but unfortunately it did not cause any effect in the formation of 
329. The reaction gave poor to average yield, ranging from 15% to 54% in the different attempts. 
Increasing the reaction time from 18 h to 48 h did not cause any significant effect on the reaction yield. 
It was successfully scaled up to 10 g of SM 183 on repeated occasions, without affecting the reaction 
yield. Results are summarised in Table 22. 
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Table 22: Results aza-Michael addition to ethyl acrylate 
 
Entry t (h) Yield of 327 (%) Yield of 329 (%) 
1 18 54 - 
2 48 44 - 
3 18 36 6 
4 18 26 29 
5 48 15 10 
6 18 34 30 
7 48 23 14 
8 5 36 12 
9 18 22 - 
10 18 24 10 
11 18 28 13 
 
3.2.2.2. N-benzylation 
Benzylation of aminodiester 327 was performed using benzyl bromide in MeCN, and the base of choice 
was NaHCO3. These conditions were applied by Allmendinger et al., with a reported yield of 72%.219 
The reaction is displayed in Scheme 101. 
 
Scheme 101: Benzylation of α,β-aminodiester 327 
BnBr was added at RT to a solution of aminodiester 327, and the mixture was stirred over 18 h. GC-
MS analysis after that time revealed 102 as the major product (m/z 293 [M+]). The only impurities 
detected were unreacted starting material (m/z 203 [M+]) and benzyl bromide (m/z 171 [M+]). After a 
usual work-up, the resulting orange oil was purified by column chromatography.  
On those occasions when a non-polar chromatographic solvent system was selected, the crude mixture 
was loaded onto the column adsorbed onto silica, due to its poor solubility in the eluent. This was 
especially applied when working with large scale reaction attempts. The chromatographic step had the 
biggest impact on the yield achieved in this transformation: by modifying the solvent system used, a 
reaction yield of up to 95% could be achieved. Results are summarised in Table 23.  
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Table 23: Optimisation of the chromatographic conditions used in the N-benzylation of 327 
 
Entry Eluent Yield (%) 
1 A 20 
2 A 27 
3 B 50 
4 A 58 
5 A 78 
6 A 69 
7 A 54 
8 A 64 
9 C, then D 77 
10 C, then D 95 
11 C, then D 90 
12 C, then D 67 
13 C, then D 73 
Eluents used: A: Pet. Ether/EtOAc (18:1); B: Pet. Ether/DCM 1:1;  
C: Pet. Ether/EtOAc (9:1); D:DCM/MeOH (9:1) 
After purification, the product could be successfully characterised by NMR spectroscopy (6.3.2, 
Appendix B.2), with characteristic 1H-NMR signals being the aryl signals at 7.34 - 7.21 ppm and a 
singlet at 3.82 ppm (2 H, CH2Ph),. In summary, the N-benzylation of aminodiester 327 could be 
successfully performed on repeated occasions, leading to the isolation of tertiary benzylamine 102 in 
good to excellent yield. The reaction could be scaled up to 10 g quantities without affecting the yield, 
and the optimal chromatographic conditions tested were Pet. Ether/EtOAc (9:1), followed by a flush 
with DCM/MeOH (9:1). 
3.3. Step 2: Dieckmann condensation 
3.3.1. Literature background 
The next step in the synthetic pathway involved an intramolecular condensation of diester 102. Such a 
reaction, known as Dieckmann condensation, can be found extensively in the literature, as the 
corresponding cyclic β-keto esters are highly valued as building blocks for use in natural product 
synthesis and medicinal chemistry. Its mechanism, displayed in Scheme 102, involves the generation 
of an ester enolate 331, usually by an alkoxide base. Intramolecular nucleophilic attack yields the 
corresponding cyclic enolate 334, which by protonation gives β-keto ester 335.  
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Scheme 102: Dieckmann cyclisation mechanism 
Since diester 102 presents acidic protons at two different α-methylenes, two structural isomers of β-
keto ester are possible reaction products. A study on a similar substrate was published by Blake et al.222 
In their work, it was found that isomer 337 was favoured by thermodynamic control over isomer 338 
(Scheme 103). The conversion to 337 was quantitative when reacting 336 with NaOEt in refluxing 
EtOH. In contrast, treatment with KOtBu at 0 °C gave the mixture of isomers in 50% and 40% yield 
respectively. 
 
Scheme 103: Dieckmann cyclisation by Blake et al.222 
The aminodiester of interest for the work described in this thesis, 102, has also been monitored when 
treated with KOtBu (Scheme 104). Pinto et al. showed that, upon reaction with KOtBu in anhydrous 
THF at -78 °C, β-ketoester 103 was obtained preferentially (74%) over 339 (13%).223 It was proposed 
that the 1,2-steric interaction between the ester and benzyl groups in TS-2 was favouring the formation 
of TS-1, and therefore of 103. 
 
Scheme 104: Dieckmann cyclisation by Pinto et al.223 
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Popović-Djordjević et al. reported a reaction yield of 80% for the same transformation. However, in 
their case, NaH in DMSO was used, and both isomers 103 and 339 were obtained in a 1:1 ratio.224 
Interestingly, the use of a tert-butyl, ethyl diester as SM led to the isolation of the corresponding 
pyrrolidine-3-carboxylate as only product in 80% yield.  
Base-catalysed Dieckmann condensation on 102 had been previously performed by Jaeger and Biel. In 
their work, KOtBu in dry toluene at <10 °C was used. The reaction mixture was stirred for 5 h, after 
which 103 was the only product isolated, with a reported yield of 58%.105 
3.3.2. Results 
3.3.2.1. Base-catalysed Dieckmann cyclisation 
The first procedure used was a base-catalysed Dieckmann cyclisation (Scheme 105). The conditions 
used followed those applied by Pinto et al.223 As a result, KOtBu in anhydrous THF was added to a 
solution of 102 at -78 °C. The pale-yellow mixture was stirred for 3 h at -78 °C, after which it was 
quenched with water.  
 
Scheme 105: KOtBu-catalysed Dieckmann cyclisation 
Unfortunately, after work-up the only product detected in the crude mixture was unreacted 102, together 
with a group of impurities. The next attempts of the reaction gave similar results. It was hypothesised 
that the hygroscopic nature of KOtBu was allowing water into the reaction, causing the decomposition 
of 102 in an E1cB mechanism to give ethyl acrylate. As a result, LDA was tested as an alternative base 
to catalyse the reaction.  
The first attempts using 1.1 eq. of LDA in anhydrous THF at -78 °C gave mainly starting material. For 
this reason, the changes applied to the reaction were raising the reaction temperature to 0 °C, as well as 
changing the number of LDA eq. to 2. Under these conditions, the reaction time was increased to 18 h, 
after which TLC monitoring showed complete consumption of SM 102. Once work-up was performed, 
GC-MS analysis confirmed the presence of the desired β-ketoester 103 as the main component in the 
crude mixture (m/z 247 [M+]). Its mass spectrum is displayed in Figure 37.  
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Figure 37: Mass spectrum shown by major component of crude mixture Dieckmann cyclisation, assigned to 103 
Together with the product as the major component, several by-products, which could not be 
characterised, were detected by GC-MS. The eluent selected for chromatographic separation was Pet. 
Ether/EtOAc (9:1). Surprisingly, β-ketoester 103, which was detected in the crude mixture, could not 
be found in any fraction after purification. Instead, the major product detected (m/z 245 [M+]), was 
characterised by 1H-NMR spectroscopy as pyrrole 339 (See section 6.3.4, Appendix B.4.), the product 
of oxidation of pyrrolidine 103 (Scheme 106). Spectral data was compared to that given in the literature, 
and found to be identical.225 
 
Scheme 106: Oxidation of pyrrolidine 103 to pyrrole 339 
The formation of such pyrroles from oxo or hydroxypyrrolidines has been previously reported by Pinto 
et al. In their work, it is mentioned that the nature of substituents present in the SM influences the ratio 
of pyrrolidine isomers to pyrrole.  More recently, Davis et al. showed that oxo pyrrolidines such as 103 
tend to oxidise and aromatise to form the corresponding pyrroles when mixed with SiO2 and exposed 
to air.226 In their study, pyrrolidine 340 was subjected to different reaction conditions, showing that the 
presence of air was essential to generate pyrrole 342. The suggested mechanism involved the acid-
promoted formation of enol 341, followed by its oxidation and aromatisation to yield pyrrole 342 
(Scheme 107).  
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Scheme 107: Formation of pyrrole 166 reported by Davis et al.226 
According to Davis et al., formation of pyrrole 342 also occurred when SiO2 was replaced by TFA or 
Et3N while exposed to air, although in lower yield.  
Due to the results obtained and the literature precedent, it became apparent that an alternative 
purification technique was needed in order to avoid oxidation to the undesired pyrrole 342. A first 
approach was the use of distillation as purification technique. Due to the high boiling point predicted 
for pyrrolidine 103 (358 °C at 1 bar), it was expected to remain in the distillation flask while impurities 
were removed. GC-MS analysis before and after the purification step confirmed that the amount of 
impurities in the flask had decreased, while 103 had remained in the flask. However, the product was 
not pure enough to be used in the next synthetic step.  
For that reason, crystallization was attempted using a variety of solvents, but unfortunately, heating the 
crude mixture caused degradation of the desired pyrrolidine 103. The resulting product showed a 
molecular ion of m/z 207. Due to its molecular weight and the nature of its mass spectrum, it could 
correspond to aminoester 343. The overlaid chromatograms obtained before and after crystallisation 
attempts are displayed in Figure 38. 
 
Figure 38: Overlaid chromatograms before and after crystallisation attempts 
  Before crystallisation attempts 
  After crystallisation attempts 
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In the next reaction attempt, the crude reaction mixture, which contained the desired pyrrolidine 103 as 
shown by GC-MS, was kept at -4 °C over 18 h. After that time, crystals appeared in the flask, and they 
were filtered and characterised as slightly impure 103 (13% yield). However, it was used directly in the 
next synthetic step in order to avoid its oxidation. The next Dieckmann cyclisations performed followed 
this purification procedure, which allowed isolation of pyrrolidine 103 in up to 60% yield, albeit with 
minor impurities (Section 6.3.3).  
In summary, the main difficulty found in the base-catalysed Dieckmann cyclisation was the purification 
step. The use of LDA allowed the successful cyclisation of aminodiester 102 to give pyrrolidine 103. 
However, attempts to purify the crude product by flash column silica chromatography or crystallisation 
led to oxidation to pyrrole or degradation. Finally, storing the crude mixture at -4 °C for 18 h was the 
method of choice to isolate 103 after filtration, although the resulting product was slightly impure. 
3.3.2.2. TiCl4-catalysed Dieckmann cyclisation 
While the purification conditions for the base-catalysed Dieckmann cyclisation were being optimised, 
an alternative procedure, published by Deshmukh et al., was found in the literature. In their work, 
different heterocyclic β-keto esters were produced through regioselective TiCl4-mediated Dieckmann 
cyclisation (Scheme 108).227  
 
Scheme 108: TiCl4-mediated Dieckmann cyclisation by Deshmukh et al.227 
Surprisingly, the use of TiCl4 led to no formation of the corresponding isomeric β-ketoesters. The mode 
of addition of the reagents was key for the success of the reaction: a great improvement in yield was 
observed when adding the substrate to a solution of TiCl4, instead of the reverse, more common, 
procedure. In summary, a TiCl4-mediated Dieckmann cyclisation constituted a simple, regioselective 
alternative to the standard procedure, using milder reaction conditions. As a result, the reaction was 
attempted on aminodiester 102 (Scheme 109). 
 
Scheme 109: TiCl4-catalysed Dieckmann cyclisation 
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A solution of aminodiester 102 was added to a solution of TiCl4 (1 eq.) in anhydrous DCM at -10 °C, 
giving a ruby red solution. According to Deshmukh et al., the inverse addition procedure leads to 
depleted yields. After stirring the mixture for 30 min, Et3N (2.2 eq.) was added dropwise, and the 
mixture was stirred for 2 h at -10 °C. After this time, the mixture warmed to RT and poured into a 
solution of NaCl. The pH of the solution was increased with Et3N, which led to the formation of a 
yellow precipitate presumably containing titanium salts. It was filtered through Celite® and washed 
several times with DCM, after which the resulting filtrate was extracted with DCM. After solvent 
evaporation, the crude mixture was analysed by 1H-NMR, showing the desired pyrrolidine 103 as the 
main product together with an unknown impurity. The mass of the crude mixture was surprisingly low. 
For that reason, the aqueous layer was extracted further with DCM. It led to the isolation of the unknown 
impurity as a single product, which was characterised as diethylamine (349). The proposed mechanism 
of its formation, caused by the exposure of Et3N to Lewis acidic conditions (TiCl4), is displayed in 
Scheme 110. 
 
Scheme 110: Proposed mechanism for the formation of diethylamine 
The crude product was then dissolved in DCM and washed with a saturated solution of NaHCO3, which 
led to the disappearance of 349 from the mixture. ~20% of Et3N used in the reaction had been converted 
to 349. At that stage, and despite the presence of minor impurities, further purification was avoided to 
prevent oxidation to pyrrole 339. The crude product was instead used in the following synthetic step. 
In future attempts, the NaHCO3 wash was included as part of the work-up procedure.  
As a result of its good yield and the purity obtained in the final product, the reaction was repeated 
numerous times during this research. No sign of undesired regioisomer 339 was ever detected, in good 
agreement to what had been reported by Deshmukh et al. The product was successfully characterised 
by NMR spectroscopy (Section 6.3.3, Appendix B.3) 
The reaction conditions used (number of equivalents, temperature, solvent and time) were not changed 
in the different attempts. However, it was of great importance how the precipitate was treated in the 
corresponding work-up step, in order to achieve a good yield. The best yields were attained when a 
glass rod was employed to stir vigorously the precipitate, while performing numerous washings with 
DCM. The reaction was scaled up to 10 g of SM 102, but this led to a lowering of yield. The best yield, 
of 92%, was obtained on a 5 g scale. A summary of the results is displayed in Table 24. 
. 
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Table 24: Results TiCl4-catalysed Dieckmann cyclisation 
 
Entry Yield (%) 
1 84 
2 38 
3 80 
4 56 
5 92 
6 86 
7 84 
8 76 
9 55 
 
3.4. Step 3: β-ketoester reduction 
3.4.1. Literature background 
The reduction of a ketone functional group in the presence of an ester moiety is a well-known reaction, 
which typically uses NaBH4 in alcoholic solvents. It has been successfully applied to similar 
pyrrolidones in the past. As reviewed in section 1.8.2.1, Jaeger and Biel used 1.5 eq. of reducing agent 
in a mixture of EtOH and EtOAc to produce pyrrolidine 104 in 42% yield. However, the stereochemistry 
of the product was not reported. In the same work, the use of 6 eq. of NaBH4 gave diol 107 instead 
(Scheme 111).105  
 
Scheme 111: NaBH4 reduction by Jaeger and Biel105 
Clinch et al. later applied the conditions developed by Jaeger and Biel. In their case, the trans-
diastereoisomer was produced in a reported yield of 44% from N-benzyl aminodiester 102. Zhang et al. 
reported the same transformation on the Boc-protected pyrrolidine 350. In their case, MeOH was the 
solvent used, and a yield of 99% was achieved (Scheme 112).  
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Scheme 112: NaBH4 reduction by Zhang et al.228 
Together with the choice of solvent, another change introduced in their procedure compared to those 
reported above was the use of AcOH to neutralise the crude reaction mixture prior to extraction during 
their work-up. Unlike Clinch et al., no stereochemistry is reported for either SM or product. 
Interestingly, no examples of isolation of the cis diastereomer can be found in the literature.  
3.4.2. Results 
The reaction was first performed following the experimental conditions reported by Jaeger and Biel: 
1.5 eq. NaBH4 were added to a solution of SM 103 in a mixture of EtOH/EtOAc 2:1 at 0 °C. The 
solvents were degassed before the reaction to minimise the possible oxidation to the corresponding 
pyrrole. The mixture was allowed to warm to RT and stirred for 16 h. After work-up the crude mixture 
contained the desired hydroxypyrrolidine 104 as the major product, as revealed by GC-MS (m/z 249 
[M+]) and 1H-NMR.  
The crude was material was purified by chromatographic separation (Pet. Ether/EtOAc [1:1]), to give 
104 as a yellow oil in only 6% yield. It was characterised as the trans isomer (±)-175 after comparing 
its spectral data with that reported in the literature (See section 6.3.5, Appendix B.6).115 The most 
characteristic signal found in the 1H-NMR spectrum was the doublet of triplets at 4.51 ppm (1 H, J 5.5, 
2.8 Hz), corresponding to the newly formed CHOH. 
Despite successfully isolating (±)-175, the yield obtained was remarkably low compared to literature 
precedent. In the following reaction attempts, several experimental changes were applied in order to 
increase the reaction yield. These included increasing the number of NaBH4 equivalents used, or 
modifying the solvent system in the chromatographic step. The main source of yield loss was found at 
the work-up step, as the weight of crude product obtained was consistently lower than expected. For 
that reason, the number of extraction steps was increased, as well as the polarity of the solvent used 
(DCM/MeOH [9:1]). Unfortunately, these changes did not lead to a substantial increase in the weight 
of the crude product. The highest yield obtained in the reaction was 32%, still below that reported by 
Jaeger and Biel (42%).  
During one reaction attempt, an unknown by-product was detected by GC-MS (m/z 275 [M+]) in one of 
the fractions obtained after column chromatography. It was further purified and characterized by NMR 
spectroscopy as pyrrole-3-carboxylate 352 (Figure 39). It was obtained in 2% yield.  
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Figure 39: By-product detected in the NaBH4-mediated reduction of ketoester 103 
The key NMR features, which allowed its characterisation, were two downfield signals by 13C-NMR 
(164.4, 163.5 ppm). One of them corresponded to the sp2 C at 4-C, while the other was assigned to the 
ester carbonyl C. These signals showed a HMBC correlation with each CH2 present in the ethyl groups. 
Additionally, a second quaternary sp2 C was detected at 101.4 ppm, corresponding to 3-C. Finally, the 
protons at the benzyl methylene group showed HMBC correlations with both CH2 present in the 1H-
pyrrole ring, as well as with the different aryl signals. The 1H-NMR spectrum obtained for 352 is 
displayed in Figure 40.   
 
Figure 40: 1H-NMR spectrum of carboxylate 352 
The proposed mechanism of formation, displayed in Scheme 113, involves the formation of ethoxide 
due to the reaction between EtOH and NaBH4 present in solution. Nucleophilic attack at the ketone 
carbonyl leads to β-hydroxyester 353, which undergoes elimination via oxocarbenium ion 355 to give 
352.  
Ar-H 2 x CH2CH3 
NCH2Ph 
2-H + 5-H 
2 x CH2CH3 
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By-product 352 could only be isolated during one of the multiple reaction attempts performed. It was 
obtained as a minor product (0.094 g, 3%) compared to the trans hydroxyester (±)-175, obtained in 23% 
yield. It was therefore assumed that ketone reduction was preferentially occurring over formation of 
ethoxide from ethanol, which was taking place at a much slower reaction rate. 
 
Scheme 113: Proposed mechanism of formation of pyrrole-3-carboxylate 352  
In summary, β-ketoester reduction with NaBH4 using the conditions published by Jaeger and Biel had 
been repeatedly successful, giving the trans hydroxyester (±)-175. However, the yields obtained were 
lower than expected, mainly due to depletion during the work-up step. For that reason, the alternative 
procedure published by Zhang et al., was applied. MeOH was used as solvent, while the number of 
NaBH4 eq. were decreased to 0.5. Moreover, the work-up procedure was also modified: the mixture 
was acidified with AcOH until pH 7, at which time the solvent was removed. Multiple extractions with 
DCM/MeOH (9:1) gave the crude mixture, which was purified by column chromatography (Pet. 
Ether/EtOAc [2:1]) to give the desired trans β-hydroxy ester (±)-175 in 24% yield. However, an 
unknown product was also isolated in 17% yield. It was characterised as the corresponding cis β-
hydroxyester (±)-356 by NMR spectroscopy (Section 6.3.5, Appendix B.5).  
 
Figure 41: Overlaid 1H-NMR spectra of β-hydroxyesters (±)-356 and (±)-175 
2-HH 
5-HH 
2-HH 
5-HH 3-H 
 
3-H 
5-HH 
5-HH 
 2-HH 2-HH 
CH2CH3 
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In Figure 41, a section of the overlaid 1H-NMR spectra for both cis and trans isomers is displayed, and 
the corresponding pyrrolidine protons are assigned. It can be seen how the cis compound (±)-356 
contains a slight impurity of trans isomer. 
The reaction was repeated twice more, using the conditions published by Zhang et al. Interestingly, 
both isomers were isolated in the different attempts, with a ~ 3:1 ratio in favour of the desired trans 
isomer. The highest yield achieved for (±)-175 was 37%, which was an improvement compared to that 
obtained using the initial reaction conditions. The reaction could be successfully scaled up to 4 g of SM 
103. 
In summary, the reduction of β-ketoester 103 to trans hydroxyester (±)-175 was successful, and could 
be applied repeatedly during this research to obtain good quantities of material for the subsequent 
synthetic steps. The highest reaction yields were obtained using the conditions published by Zhang et 
al., which, in addition, allowed isolation of the corresponding cis hydroxyester (±)-356.  
Due to the considerable amounts of undesired cis diastereoisomer (±)-356 accumulated during this 
project, future work planned in our group involves the conversion of the material to the desired trans 
diastereoisomer. As reviewed in section 1.8.2.2, an epimerisation on a similar substrate was performed 
by Galeazzi et al. in 80% yield using DBU in toluene at 70 °C for 12 h (Scheme 114). 
 
Scheme 114: DBU-mediated epimerisation by Galeazzi et al.112 
3.5. Step 4: Enzymatic resolution 
3.5.1. Literature background 
The use of biocatalysis in organic synthesis is a well-defined area of research, widely described in the 
literature. Enzymes are able to catalyse a variety of reactions such as reductions, hydrolyses, 
glycosylations, esterifications or oxidations.229, 230  
Hydrolytic enzymes such as esterases, lipases and proteases have been especially used in the resolution 
of enantiomers. These enzymes selectively hydrolyse one enantiomer in a racemic mixture, leaving the 
other unreacted. Interestingly, they can also catalyse the opposite esterification reaction, provided there 
is a lack of water in the system.  
Enol esters such as vinyl acetate or isopropenyl acetate can be used as irreversible transesterification 
reagents, as the corresponding enol formed during the reaction rapidly tautomerises to a volatile 
acetaldehyde or acetone in an irreversible process (Scheme 115).231 
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Scheme 115: Irreversible transesterification using alkenyl carboxylate 
The kinetic resolution using Lipase B from Candida antarctica was considered the best option to 
separate both enantiomers of (±)-175, effectively incorporating the desired (R)-stereocenter in C3 in the 
final products. As reviewed in section 1.8.2.2, Levy et al. used this enzyme to separate the enantiomers 
in a racemic mixture of trans-β-hydroxyesters by performing a selective alcohol acetylation (e.e. 
>99%).114 The same procedure was later applied by Clinch et al. to separate both enantiomers of the 
substrate of interest (±)-175.115 Selective acetylation of the undesired (3R,4S)-enantiomer (-)-175 left 
the unreacted (3S,4R)-hydroxyester (+)-175 available for future reactions.  
In their case, the acyl donor was vinyl acetate, and the reported yield was excellent for both products 
(Scheme 116). Reaction time had an important influence on reaction success: it was reported that 
decreasing from 150 min to 100 min did not allow total conversion, giving 10% of unreacted (-)-
enantiomer, measured by optical purity. 
 
Scheme 116: Enzymatic resolution on β-hydroxyester (±)-175 by Clinch et al.115 
3.5.2. Results 
The enzymatic resolution of trans-hydroxyester (±)-175 was performed following the procedure 
published by Clinch et al. The substrate was dissolved in t-BuOMe, to which Lipase B from C.a. and 
vinyl acetate were sequentially added. The mixture was stirred for 2.5 h at 40 °C, after which the solids 
were filtered through Celite®. After further work-up, 1H-NMR analysis of the crude mixture revealed 
the presence of both desired products. The most characteristic signals were the singlet at 2.05 ppm (3H, 
CH3CO), together with increased complexity of signals in the pyrrolidine region. The crude mixture 
was purified by flash column silica chromatography (Pet. Ether/EtOAc [3:2]), to give first (-)-176, 
followed by (+)-175. Both products were characterised by NMR analysis, and the spectra obtained were 
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in good agreement with those reported in the literature (Section 6.3.6, Appendix B.7, B.8). The overlaid 
1H-NMR spectra obtained are displayed in Figure 42. Together with the features mentioned above, the 
downfield shift experienced by 4-H caused by the presence of the acetyl group is especially 
characteristic. 
Moreover, (+)-175 crystallised at -20 °C, as reported by Clinch et al. Crystallisation could not be 
achieved for (-)-176 even after prolonged periods at -20 °C. The yield obtained in the reaction was 70% 
and 56% for (-)-176 and (+)-175 respectively, lower than that reported by Clinch et al. The specific 
rotations measured for both products (+14.9 for (+)-175 and –42.6 for (-)-176) were consistent with the 
reference values (+16.9 and -41.8 respectively). 
 
Figure 42: Overlaid 1H-NMR spectra of (-)-176 and (+)-175 
In the following attempts, the precipitate was washed repeatedly in order to increase the weight of crude 
reaction material obtained. This change caused the yield of both products to increase, to a maximum 
yield obtained of >99%. The specific rotation of both products was measured in the different reaction 
attempts performed using CHCl3 as solvent. On several occasions, the values obtained were higher than 
those reported by Clinch et al., hence giving apparent % of enantiomeric excess higher than 100%. This 
fact was attributed to experimental error in sample preparation prior to optical rotation measurement, 
as well as instrument deviation. Results are summarised in Table 25. 
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Table 25: Results enzymatic resolution 
 
n Yield of (+)-175 (%)a αD (+)-175 Yield of (-)-176 (%)a αD (-)-176 
1 56 14.9 70 -42.6 
2 68 19.5 90 -47.5 
3 71 24.7 80 -39.7 
4 >99 14.3 >99 -45.0 
5 83 21.5 74 -40.7 
6 81 19.9 59 -45.9 
aMaximum yield possible (100%) set to 50% of starting material used 
In summary, the enzymatic resolution of pyrrolidine (±)-175 was successful in the different attempts 
performed. The procedure published by Clinch et al. allowed to isolate both (+)-175 and (-)-176 in 
excellent yield, up to >99%. The products were characterised by NMR analysis, and gave identical 
spectra to those reported in the literature. Their optical purity was confirmed by specific rotation 
measurement. 
3.6. Step 5: Ester reduction 
3.6.1. Literature background 
The next step in the proposed synthetic pathway was the reduction of the ester moiety, which would 
leave the desired hydroxymethyl group on C4. The reaction was previously reported by Clinch et al., 
who used LiAlH4 as reducing agent to isolate the desired product (+)-177 in 73% yield.115 
 
Scheme 117: LiAlH4 mediated ester reduction by Clinch et al.115 
3.6.2. Results 
The reaction was performed following the conditions published by Clinch et al. SM (+)-175 was 
dissolved in anhydrous THF, and cooled to 0 °C. Then, LiAlH4 (2 eq.) was added in small portions, 
causing effervescence. The mixture was warmed to RT, and it was left stirring for 1 h, after which the 
usual hydride work-up was applied. 1H-NMR performed on the crude mixture revealed a high 
percentage of unreacted SM (+)-175, characterised by the remaining ethyl signals. However, GC-MS 
performed on crude product also revealed the presence of the desired product (+)-177, although in low 
concentration. Purification by flash column silica chromatography (DCM/EtOAc 1:1 [1:1]) gave first 
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(+)-175, and a mixture containing (+)-177. A second purification step was required (DCM/MeOH 
[95:5], 0.1 M NH3) to isolate (+)-177 in 5% yield, which was successfully characterised by NMR 
spectroscopy, although it still contained ~10% of an impurity.  
In the following attempts, the number of LiAlH4 equivalents was increased. Moreover, new LiAlH4 was 
purchased, as it was hypothesised that the low yield obtained was due to degradation of the reducing 
agent. With these new conditions, TLC monitoring revealed the total consumption of SM (+)-175 after 
1 h. Usual hydride work-up, which involved quenching with water and NaOH at 0 °C gave the crude 
mixture, with contained (+)-177 as major component. Purification by column chromatography 
(DCM/MeOH [9:1]) gave first an unknown product, which showed simple 1H-NMR and 13C-NMR 
spectra. The quantity of by-product (0.085 g) obtained was not negligible compared to the amount of 
SM used in the reaction (0.155 g). It was characterised as 1,4-butanediol, and its 1H-NMR spectrum is 
displayed in Figure 43. All spectral data matched that available in the literature.232 
 
Figure 43: 1H-NMR spectrum of 1,4-butanediol 
It was hypothesised that this by-product was the result of THF hydrolysis, caused by hydroxide 
generated due to the use of LiAlH4.  
This transformation can be found in the literature.233 However, it is performed by hydrogenation and 
requires the use of metal catalysts together with high T and P conditions. Generation of 1,4-butanediol 
1-H, 4-H 
2-H, 3-H 
OH 
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364 by hydrogenation of succinic acid 362 is preferred, as the SM can be obtained from bio-refinery 
processes. These transformations are summarised in Scheme 118. 
 
Scheme 118: Hydrogenation products of succinic acid 
After 1,4-butanediol was eluted, increasing the polarity of the solvent system (DCM/MeOH [9:1], 5% 
NH3) allowed product elution in 51% yield. As increasing the number of LiAlH4 eq. to 4 proved 
beneficial, the successive reaction attempts used the same conditions. The maximum yield obtained was 
70%, and no sign of 1,4-butanediol was detected in the following attempts. This final increase in yield 
was attributed to optimisation of the work-up technique as well as a change in the gradient used for 
chromatographic separation (DCM/MeOH [9:1], 5% NH3), which presented a flatter slope. A summary 
of results, including specific rotation, is summarised in Table 26. 
Table 26: Results LiAlH4-mediated reduction 
 
Entry LiAlH4 eq. Yield (%) αD ee  (%)b 
1 2.1 5 -a - 
2 4 51 +29.6 90 
3 4 50 +27.8 84 
4 4 70 +31.1 94 
aNot measured due to impurity content 
bCalculated by comparison with specific rotation of pure enantiomer given in the literature.115 
 
3.7. Step 6: N-benzyl deprotection 
3.7.1. Literature background 
The use of the benzyl moiety as protecting group is commonly applied to amino and hydroxy 
functionalities in organic synthesis. As a result, debenzylation methods are well known, and can be 
divided into three main categories:234  
a) Reductive methods: hydrogenolysis using Pd/C or single electron transfer (Na/NH3, 
Birch conditions). 
  3. Synthesis of 4-(hydroxymethyl)pyrrolidines 
119 
 
b) Acylative methods: the benzyl group can be converted to several carbamates (Braun 
reaction), which are successively cleaved. 
c) Oxidative methods: a wide variety of oxidants can be used, such as MCPBA, 
TRAP/NMO, or IBX. 
Despite the existing variety of N-benzyl deprotection methods, only reductive methods could be found 
in the literature applied to hydroxypyrrolidines. The reaction has been performed on pyrrolidines 
identical and analogous to the substrate of interest, including a large-scale process published by Kamath 
et al.235 It usually involves hydrogenation over Pd/C at RT for prolonged periods of timeand gives 
excellent yields. 
Karlsson and Hogberg showed that the complete deprotection of a 1-phenylethyl moiety required longer 
periods of reaction time compared to the corresponding benzyl deprotection. In Table 27, the different 
reaction conditions used by different groups are summarised. 
Table 27: N-debenzlation reaction literature precedents 
 
Authors SM  P (bar) T (°C) t Yield (%) αD 
Karlsson and Högberg113 (+)-367 1.0 RT 2 w 99 +19.0 
Kotian et al.236 (+)-366 6.9 RT 48 h 100 +17.5 
Evans et al.237 (+)-177 1.0 RT 14 h 88 Not reported 
Sorensen et al.107 (+)-177 10.3 RT 48 h 96 -a 
Chu et al.238 (+)-177 1.0 RT 10 d 75 Not reported 
Kamath et al.235 (+)-177 5.0 55-60 5 h 95 Not reported 
Clinch et al.115 (+)-177 -b 65 0.5 h 55 +19.1 
Clinch et al.115 (+)-177 1.0 RT 24 h 100c +18.9 
aReaction performed on racemic mixture 
bHCOOH used instead of H2 
cFormation of Boc-protected amine followed by hydrolysis 
Interestingly, Clinch et al. used two different synthetic routes to generate 4-hydroxymethylpyrrolidine 
(+)-59 from (+)-177.115 Instead of a hydrogenation procedure, transfer hydrogenation with HCOOH 
was used in their first approach, giving the desired product in 55% yield. Later, (+)-177 was 
hydrogenated together with di-tert-butyl dicarbonate to give the corresponding Boc-protected amine 
(+)-182. Treatment with HCl gave (+)-59·HCl with a combined yield of 100% (Scheme 119). 
  3. Synthesis of 4-(hydroxymethyl)pyrrolidines 
120 
 
 
Scheme 119: N-benzyl deprotection by Clinch et al.115 
3.7.2.  Results 
After performing the literature search, the method published by Clinch et al. was selected for the N-
debenzylation of (+)-177 due to its quantitative yield and relatively short reaction time compared to 
other options.  
In the first reaction attempt, Pd/C and di-tert-butyl dicarbonate were added to a solution of (+)-177 in 
MeOH under N2 atmosphere. Then, H2 was added from a balloon over 24 h. After this time, TLC 
monitoring revealed numerous products in the reaction mixture. The mixture was filtered through 
Celite® and the solvent was evaporated. A sample of the crude material was taken for 1H-NMR analysis, 
which revealed the presence of unreacted SM as major component. The reaction was therefore repeated 
increasing the amount of solvent used, as it was suspected that the mixture had not completely dissolved 
on the first attempt. Unfortunately, 1H-NMR analysis after 24 h gave similar results, showing large 
amounts of unreacted SM. 
Due to the lack of success in the first attempts, new Pd/C was purchased and the reaction was repeated 
following the same experimental procedure. On this occasion, TLC monitoring revealed total 
consumption of (+)-177 during the reaction, which was confirmed by 1H-NMR analysis on the crude 
material  due to the lack of aryl signals at ~7 ppm. Moreover, the presence of a 9 H singlet at 1.37 ppm 
suggested successful incorporation of the Boc protecting group. The product was purified by flash 
column silica chromatography (EtOAc/MeOH [35:1]), giving (+)-182 in 50% yield. The product was 
characterised by NMR spectroscopy (Section 6.3.8, Appendix B.10), and its spectral data matched that 
reported in the literature.115 The specific rotation measured ([23
D
  +23.2) was also in agreement with 
that previously reported ([]21
D
 +15.9).117 
 Once (+)-182 had been characterised, it was dissolved in MeOH and treated with HCl (conc.). After 1 
h, the solvent was evaporated, giving the desired hydrochloride salt of (+)-59 quantitatively. The 
product was successfully characterised by NMR spectroscopy (Section 6.3.10, Appendix B.12). 
Specific rotation measured for the final product ([23
D
 +16.0) was in agreement to that found in the 
literature ([D +18.2).112 
In the following reaction attempt, the same hydrogenation conditions were applied. Once again, NMR 
analysis of the crude product revealed total consumption of SM (+)-177. However, it also showed the 
presence of different by-products together with the desired (+)-182. Purification by column 
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chromatography (Pet. Ether/EtOAc [2:1]) allowed isolation of first, unreacted di-tert-butyl dicarbonate 
and second, a mixture of (+)-182 and an unknown product.  
A second chromatographic step was required (Pet. Ether/EtOAc [1:1]) to separate both compounds. The 
unknown compound eluted first, followed by the desired (+)-182, which was isolated in 38% yield with 
minor impurities. The unknown was characterised as pyrrolidine (+)-368, in which Boc protection had 
occurred on both hydroxy groups to give the corresponding carbonates, together with the planned N-
protection. It was obtained in 43% yield. O-tert-butoxycarbonylation, despite being rare compared to 
the analogous reaction on amines, can be found in the literature: catalysts such as DMAP,239 zinc 
acetate,240 or perovskites (NaLaTiO4)241 have been employed to achieve this alcohol protection. 
However, to our knowledge the reaction has not been previously reported during hydrogenation over 
Pd/C. 
The main features that allowed its characterisation by NMR spectroscopy were the singlets at 1.49 ppm 
(18 H) and 1.45 ppm (9 H) in the 1H-NMR spectrum, corresponding to the three tert-butyl groups. The 
presence of three Boc groups was consistent with 13C-NMR showing three CO signals at 153.9, 153.0 
and 152.4 ppm respectively. The 1H-NMR spectrum of (+)-368 is displayed in Figure 44. 
 
Figure 44: 1H-NMR spectrum of tris-Boc-protected pyrrolidine (+)-190 
Once both factions were characterised, they were dissolved in MeOH and treated with HCl (conc.), 
leading to pyrrolidine (+)-59·HCl as the only product, in both cases with a 70% yield. 
3-H CH2O 
2-HH 
5-HH 
5-HH 2-HH 
4-H 
2xC(CH3)3 
C(CH3)3 
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The fact that both Boc-protected pyrrolidines (+)-182 and (+)-368 were successfully hydrolysed with 
HCl encouraged us to attempt the next reaction attempt as a one-pot procedure.  
The reaction was performed on 0.278 g of SM (+)-177, and experimental conditions for hydrogenation 
were not varied. After 24 h, the mixture was filtered through Celite®, and NMR performed on a crude 
sample revealed total consumption of (+)-177, together with the formation of a mixture of (+)-182 and 
(+)-368. Following the suggested procedure, the crude was dissolved in MeOH and hydrolysed with 
HCl (conc.) for 1 h. After that time, solvent evaporation gave the desired (+)-59 as the only product in 
62% yield. This one-pot procedure was later repeated successfully, giving an increased total yield of 
71%. 
In summary, two different approaches were applied in the N-debenzylation of (+)-177 based on 
literature precedent. Hydrogenation over Pd/C of a mixture of (+)-177 and di-tert-butyl dicarbonate 
gave the Boc-protected pyrrolidine (+)-182, which was later successfully hydrolysed with HCl to give 
pyrrolidine hydrochloride (+)-59·HCl. Using this procedure, the O-Boc-protected pyrrolidine (+)-368 
could also be isolated and hydrolysed. Later, a one-pot procedure was applied to give (+)-59 with a 
yield of up to 71%.   
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3.8. Step 7: Reductive amination 
3.8.1. Literature background 
3.8.1.1. General introduction 
Reductive amination of carbonyl compounds is, together with hydrogenation of nitriles, one of the most 
common methods used for the synthesis of amines. It involves condensation of a carbonyl compound 
with an amine to form a carbinolamine 371 which, after water elimination, gives an iminium ion 373. 
Then, reduction of this intermediate gives the corresponding amine 374 (Scheme 120).  
 
Scheme 120: Reductive amination mechanism 
In most cases, the reaction proceeds in a one-pot procedure, with the corresponding reducing reagent 
added to the mixture at the start of the reaction. The reducing agent used must be selective for iminium 
ions over aldehydes and ketones, which are the starting materials. For this reason, NaBH3CN has 
historically been the reagent of choice in reductive aminations. The electron-withdrawing nature of the 
cyano group decreases the hydride reactivity compared to other hydride reagents, thus achieving the 
desired selectivity for iminium ions over aldehydes and ketones.  
However, its toxicity and the formation of toxic by-products such as HCN and NaCN linked to its use 
has been a cause for concern in recent years. As a result, several alternative reducing agents have been 
investigated and successfully employed. They include NaBH4, especially used in stepwise reductive 
aminations,242 Zn/AcOH,243 NaBH4/Mg(ClO4)2,244 and Zn(BH4)2/ZnCl2.245 
One of the most popular alternatives to NaBH3CN is sodium triacetoxyborohydride (NaBH(OAc)3). 
The use of this non-toxic hydride reagent on reductive amination was first published in 1996 by Abdel-
Magid et al.246 It showed better yields and produced fewer side products upon reaction than other 
commonly used reducing agents. The reaction is usually performed using an aprotic solvent, such as 
DCM, 1,2-DCE or THF, as the use of protic solvents leads to the reduction of carbonyl compounds or 
to the decomposition of the reagent. NaBH(OAc)3 has been used in the reductive amination of aliphatic 
and aromatic aldehydes, as well as a wide range of aliphatic, cyclic and bicyclic ketones.247 
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3.8.1.2. Reductive amination on pyrrolidine analogues 
As seen in section 1.8.2.2, there is literature precedent for reductive amination on pyrrolidine (+)-59. 
Evans et al. used NaBH3CN to perform the reaction using formylated deazapurines to give their PNP 
inhibitor candidates.95 The solvent used was MeOH, and the yields reported ranged from 35 to 70%. In 
Scheme 121, one of the reactions reported by their group is displayed. 
 
Scheme 121: Reductive amination on pyrrolidine (+)-59 by Evans et al.95 
Similarly, Wang et al. performed the reductive amination of spiro-piperidine with a variety of aliphatic 
and aromatic aldehydes using NaBH(OAc)3/HCO2H with yields of up to 95%.248 The resulting 
compounds were tested as inhibitors of the influenza A virus M2 protein, showing promising activity. 
A summary of their work is displayed in Scheme 122.  
 
Scheme 122: Reductive amination on spiro-piperidine 377 by Wang et al.249 
3.8.2. Docking studies and synthetic plan 
In this work, it was decided to react 4-hydroxymethylpyrrolidine (+)-59 with a variety aromatic 
aldehydes in a reductive amination reaction to provide candidate inhibitors of AAG. Prior to the 
experiment, a docking study was conducted, using as ligands a series of analogues of pyrrolidine (+)-
59 bearing different pyridines, pyridinones and imidazoles linked by a methylene group.  
The idea behind their design was to mimic the π-stacking interaction with Tyr127 shown by the 
substrate in the active site, while adding hydrogen bond donors and acceptors in different positions 
around the ring. The ligands were also tested as phosphates, to see the influence (if any) that the group 
had in increasing the interactions with the active site. 
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The receptor used was human AAG complexed with 1,N6-ethenoadenine DNA (PDB 1F4R). Docking 
details are included in section 6.5. Results are summarised in Table 28, where “Scoring” represents a 
measure of binding energy.  
The best scoring ligand was the pyrrolidine phosphate containing pyridin-2(1H)-one (Entry 1). Its 
ligand interactions, together with those shown by the second best scoring ligand, are displayed in Figure 
45.  
As expected, one of the interactions shown by these ligands was the π-stacking between the aryl group 
and Tyr127. This interaction was found in all the different candidates analysed. Additionally, in ligand 
1 (left) the backbone amide in His136 stablishes a hydrogen bonding interaction with the hydrogen 
bond acceptor present in the pyridone.  
Moreover, the charged amine acts as a hydrogen bond donor to Tyr159. Interestingly, in this case no 
appreciable interaction was seen between the nucleophilic water molecule and the pyrrolidine nitrogen, 
unlike other candidates. Surprisingly, the pyridine nitrogen in ligand 2 (right) did not show any 
hydrogen bonding with the residues in the active site.  
Figure 45: Ligand interactions shown by the two best scoring pyrrolidine phosphate candidate AAG inhibitors  
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Table 28: Docking results 
 
Entry R1 R2 Scoring Entry R1 R2 Scoring 
1 PO3H- 
 
-6.52 11 PO3H- 
 
-5.88 
2 PO3H- 
 
-6.44 12 H 
 
-5.84 
3 PO3H- 
 
-6.17 13 H 
 
-5.83 
4 PO3H- 
 
-6.09 14 H 
 
-5.82 
5 PO3H- 
 
-6.07 15 PO3H- 
 
-5.79 
6 PO3H- 
 
-6.06 16 PO3H- 
 
-5.75 
7 H 
 
-6.00 17 H 
 
-5.60 
8 H 
 
-5.98 18 H 
 
-5.48 
9 H 
 
-5.94 19 H 
 
-5.25 
10 PO3H- 
 
-5.93 20 H 
 
-5.13 
One general trend found in the values resulting from docking study was the higher score obtained by 
those ligands containing a phosphate group, due to the additional interactions they showed (e.g. 
hydrogen bonding with Arg 182). They were added to the candidates to further mimic the structure of 
the DNA oligomers showing AAG inhibition. However, their incorporation into a drug is unattractive, 
as their charged nature hinders passive diffusion across cell membranes.250  
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Additionally, the phosphate group would be susceptible to the action of phosphatase enzymes. To solve 
those problems, phosphate bioisosteres are usually incorporated instead. A selection of the groups 
applied to serve this purpose is displayed in Figure 46.251 
 
Figure 46: Phosphate bioisosteres 
Together with the docking study performed, reagent availability was taken into account when selecting 
the different aryl aldehydes used in the reductive amination. For that reason, it was decided to first 
attempt the reaction using pyridine- and imidazole-carbaldehydes, which were available to the group at 
the time. A summary of the reaction plan is displayed in Scheme 123, and includes all regioisomers of 
pyridine and both regioisomers of imidazole. 
 
Scheme 123: Reductive amination synthetic plan 
3.8.3. Results 
Due to its low toxicity, good yield and lower by-product generation compared to others, the reducing 
agent chosen for the reductive amination was NaBH(OAc)3. The first attempts followed the procedure 
published by Wang et al.248  
A solution of SM (+)-59 in 1,2-DCE was prepared. Et3N was added to the mixture to ensure amine 
deprotonation. Then, 1H-imidazole-2-carbaldehyde (1.29 eq.) and NaBH(OAc)3 (1.38 eq.) were added. 
The orange suspension was not completely solubilised, even after applying ultrasound. Under these 
conditions the mixture was stirred for 15 h, after which time it was worked-up, giving a yellow solid. 
Unfortunately, the solid was characterised by NMR analysis as unreacted aryl aldehyde together with 
minor impurities.  
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The initial lack of success in the reaction was attributed to the poor solubility of both (+)-59 and 1H-
imidazole-2-carbaldehyde in DCE. For that reason, in the next attempts the reaction was performed 
using the same solvent at higher T (35 °C). Under these conditions, the reaction was followed by LCMS. 
The desired product (+)-394 was detected (m/z 198, [M+H]) although as a very minor component 
compared to the reactants. This trend was also followed in attempted reactions using the different 
pyridine-carbaldehydes.  
At that stage, it was decided to avoid using Et3N in the reaction to deprotonate (+)-59. Instead, the SM 
was loaded onto a strong cation exchange (SCX) column, from which it was eluted using NH3. Then, 
pyridine-2-carbaldehyde (1 eq.) was added, and the reaction was performed using the same conditions 
as previous attempts except for the addition of Et3N. After 18 h, LCMS revealed the successful 
formation of (+)-391 (m/z 209, [M+H]+). The mixture was then filtered through Celite® and purified 
by column chromatography (DCM/MeOH [9:1]. Only the aryl aldehyde was eluted (Rf 0.8) using this 
solvent system. As a consequence, 1% Et3N was added to the eluent in an attempt to help elute the basic 
products from mildly acidic silica.  
A fraction of surprisingly high mass containing the desired product was eluted, together with an 
impurity which was characterised as Et3N by LC-MS (m/z 102, [M+H]+). The large amount of tertiary 
amine present could not be removed from the sample even after a long period of time under high 
vacuum. The mixture was loaded onto an SCX column, expecting Et3N retention and product elution. 
Unfortunately, after flushing the column with NH3 1M in MeOH, the fraction containing the product 
was still impure with Et3N. The results indicated that the reaction had not achieved completion, due to 
the amount of aryl aldehyde recovered. Furthermore, the use of NaBH(OAc)3 required the use of aprotic 
solvents, which led to poor solubilisation of the starting materials, even at high T. However, successful 
product formation had been observed by LC-MS monitoring in the different attempts, although in very 
low yield.  
Due to the reasons described above, NaBH3CN was applied as an alternative reducing agent. The main 
advantage linked to its use was the option of dissolving the reagents in MeOH, which offered better 
solubility. The reaction was attempted following the procedure by Goeminne et al (Scheme 124).252  
 
Scheme 124: Reductive amination attempted using NaBH3CN 
On this occasion, the SM was used directly as a salt. It was dissolved in anhydrous MeOH together with 
pyridine-2-carbaldehyde, giving an orange solution. Then, an excess of NaBH3CN (7.24 eq.) was slowly 
  3. Synthesis of 4-(hydroxymethyl)pyrrolidines 
129 
 
added, after which the solution turned darker. The mixture was left stirring for 15 h, after which time 
LC-MS analysis revealed total consumption of pyridine-2-carbaldehyde, together with product 
formation (m/z 209, [M+H]+). After 24 h, the mixture was filtered through Celite® and the solvent was 
evaporated. Flash column silica chromatography (DCM/MeOH [9:1]) gave first a mixture of 
borohydride salts and (pyridin-2-yl)methanol, product of the reduction of aryl aldehyde due to the 
excess cyanoborohydride used in the reaction.  
In the 1H-NMR spectrum obtained (Figure 47), the borohydride ion gave a very characteristic quartet 
and septet at ~0 ppm in a 4:1 ratio. They were formed as a consequence of the coupling between 1H and 
both 11B (s = 3/2, quartet), and 10B (s = 3, septet).253 On the other hand, (pyridine-2-yl)methanol 
presented the CH2 singlet at 4.60 ppm, together with the expected aryl signals. Consistent with LC-MS 
results, no aldehyde CHO was detected by either 1H- or 13C-NMR. 
 
Figure 47: 1H-NMR spectrum of (pyridin-2-yl)methanol and borohydride salts 
Following the elution of by-products, the chromatographic system was flushed with DCM/MeOH/NH3 
(5:4.5:0.5), which led to the elution of the desired product (+)-391 (0.039 g, 61%). It was characterised 
by NMR spectroscopy and HRMS (Section 6.3.14, Appendix B.15).  
As the reductive amination using NaBH3CN had been successful, the same procedure was applied to 
the other pyridine carbaldehydes. Similarly to what occurred for pyridine-2-carbaldehyde, the main 
impurities detected were the corresponding aryl alcohols together with borohydride salts. In one of the 
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attempts, a different work-up procedure was applied, with the intention to eliminate the borohydride 
salts from the crude: the mixture was extracted with DCM/MeOH (9:1) and washed with brine. As a 
consequence, the crude did not present any sign of BH4 ion according to NMR analysis. However, a 
significant amount of product was also transferred to the aqueous layer and its total recovery could not 
be achieved even after repeated extractions with DCM/MeOH (9:1). Due to this reason, the yield of 
product (+)-391 after purification by column chromatography was only 11%. 
The reaction was also performed using both imidazole carbaldehydes with similar results. The yields 
obtained were 56% and 17% for (+)-394 and (+)-395 respectively. In the latter case, purification was 
performed using an SCX column instead of the usual chromatographic separation. By applying this 
method, (+)-395 could be obtained pure after NH3 elution. However, part of the product was eluted 
during the MeOH washes prior to NH3 flush, together with reduced (1H-imidazol-4-yl)methanol. The 
mixture was not further purified due to time constraints. Both products were characterised by NMR 
spectroscopy and HRMS (Section 6.3.12 and 6.3.13, Appendix B.13 and B.14), characteristic 1H-NMR 
signals being the singlets corresponding to the imidazole protons at ~7 ppm. 
The different reductive aminations using NaBH3CN were performed on 0.05 g of SM (+)-59. Results, 
which include reaction yield obtained and specific rotations measured for each product are summarised 
in Table 29. 
Table 29: Results reductive amination 
 
Entry R Yield (%) αD 
1 
 
56 +16.0 
2 
 
17 +150.1 
3 
 
61 +13.6 
4 
 
44 +154.2 
5 
 
16 +231.7 
In summary, the reductive amination of 4-(hydroxymethyl)pyrrolidine (+)-59 with a series of pyridine-
and imidazole-carbaldehydes was successfully conducted. The yields obtained ranged from 16 to 61%, 
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and yield loss was mainly attributed to purification procedure. After attempting the reaction with 
NaBH(OAc)3 with poor results, the reducing agent employed was NaBH3CN due to the need to use 
MeOH to improve the solubility of the reagents. The different reactions could not be further optimised 
due to time constraints. The corresponding products were fully characterised before use as inhibitor 
candidates in a biochemical assay of the activity of AAG. 
3.9. Conclusion 
The planned synthesis of a variety of aryl substituted 4-(hydroxymethyl)pyrrolidines was successfully 
executed, and gave the desired AAG inhibitor candidates to be tested in a biochemical assay. The 
synthetic route was based on a Dieckmann cyclisation step which required extensive optimisation. After 
attempting the reaction using different bases, a TiCl4-catalysed approach was taken instead, which 
allowed the use of the crude product directly in the subsequent reduction. This approach avoided 
chromatographic separation, which was linked to the observed SiO2-catalysed oxidation of the resulting 
pyrrolidine to the corresponding pyrrole. Borohydride reduction gave the desired trans β-hydroxyester 
preferentially, which was then resolved using Lipase B from Candida antarctica to leave the desired 
(+)-enantiomer unreacted. Ester reduction and pyrrolidine debenzylation led to the key intermediate 
(+)-59 in a total yield of 5% in 7 synthetic steps. Although quantitative, the main loss of yield was in 
the enzymatic resolution, where a maximum theoretical yield is 50%.  
A series of aryl-containing pyrrolidines were docked into the enzyme active site. Results showed that 
one interaction present in all the candidates analysed was π-stacking between Tyr127 and the 
corresponding aryl group. Different hydrogen bond donors and acceptors were added to the ring, with 
the intention of further increasing the interactions between the candidates and the enzyme active site. 
The final step in the synthesis was reductive amination, which was performed using NaBH3CN as 
reducing agent, after poor results were obtained in the attempts using the milder, non-toxic 
NaBH(OAc)3. A variety of pyridine and imidazole-containing 4-(hydroxymethyl)pyrrolidines were 
isolated in yields ranging from 16 to 61%. They were fully characterised prior to testing their activity 
against AAG as described in the next chapter.
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4. Biochemical assays 
4.1. Introduction 
In drug discovery, lead finding involves use of a biochemical or biological assay to identify hit 
compounds: molecules which show activity against the biological target, which has been previously 
validated. Such assays can be used to test libraries of compounds in high throughput screening (HTS) 
or focussed screen assays. Validated hit compounds form the basis of lead optimisation programmes, 
aiming to further increase the potency, selectivity, physicochemical and pharmacokinetic properties 
shown by the hits. This stage also requires a primary assay for measuring potency against the target.254 
In order to design a biochemical assay for an enzyme of interest, its substrate and mechanism of action 
must be fully understood. In section 1.5.1, the mechanism of action of the glycosylase AAG is reviewed: 
in summary, the enzyme performs a one-dimensional search for lesions along the DNA strand. Once a 
lesioned base is flipped into the enzyme active site, intercalation of Tyr162 in its place helps maintain 
the double helical DNA structure. Then, a nucleophilic water molecule, oriented towards the anomeric 
carbon of the substrate deoxyribose by hydrogen bonding with nearby residues, is responsible for the 
hydrolysis of the N-glycosidic bond via a backside displacement mechanism. The nucleophilic attack 
leaves behind an abasic site, which in vivo is then processed by downstream enzymes, as discussed in 
section 1.4. 
With this mechanism in mind, a viable biochemical assay to quantify AAG’s activity must use as 
substrate a duplex DNA oligomer containing a damaged base. The damaged base must be a known 
substrate of the enzyme, such as 3-MeA, 8-oxoG or εdA, and the assay must allow quantification of 
either the oligomer containing the damaged base, the concentration of AP sites, or the concentration of 
excised base generated due to AAG’s action. Moreover, the solubility of the different inhibitor 
candidates must be taken into account, and it must be ensured that the assay is not susceptible to the 
addition of a certain volume of solvent, if that is needed. Finally, robustness of the assay must be 
examined: existing enzyme inhibitors such as εC should be added as positive controls to determine if 
the assay is giving the expected activity measurements. 
4.2. Microplate surface-bound hairpin loop colorimetric DNA oligomer assay  
In this section, the bioassay used, designed by Elliott at the University of Surrey, is described. The 
concept behind this bioassay is the use of a hairpin duplex oligonucleotide containing Hx as substrate 
of AAG. This oligomer incorporates a fluorescein moiety at the 5’ end, which is later used in 
fluorescence detection.  
To build the hairpin loop, a single stranded oligonucleotide (HX02) is first bound to the well surface by 
means of an amino linkage found at the 3’-end, which reacts with the electrophilic groups on the Nunc™ 
Amino™ Immobilizer Surface plate. Then, a second oligonucleotide bearing a fluorescein molecule at 
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the 5’-end (Loop1) is hybridised with HX02. The resulting double stranded hybrid is ligated to 
covalently bind HX02 and Loop01 (Figure 48).  
 
Figure 48: Hairpin loop oligomer structure used in AAG surface-bound oligomer assay, produced by hybridisation and 
ligation of ss-oligomers HX02 and Loop01. Fluorescein highlighted in yellow; Hypoxanthine (H) highlighted in red. 
Upon incubation of the oligonucleotide with AAG, abasic sites are generated due to N-glycosidic bond 
cleavage between the deoxyribose and the substrate Hx. Then, a wash is performed to remove the 
enzyme and any inhibitors from the plate, thus preventing interferences in the fluorescence readings. 
Subsequent treatment with alkaline solution leads to the generation of a strand break at the abasic site, 
which is more susceptible to alkaline treatment. Hence, alkaline denaturation causes the release of the 
oligomer containing fluorescein where enzyme action has taken place.  
Enzyme activity is measured by detection of uncleaved oligomer bearing fluorescein which remains 
covalently attached to the plate. Previous work by colleagues has shown that increased sensitivity in 
the fluorescein detection step can be realised by using an amplification step instead of direct 
fluorescence measurements. For this, the antibody-enzyme conjugate antifluorescein-horseradish 
peroxidase (HRP) is applied. The antibody binds to the remaining fluorescein, and the conjugated HRP 
enzyme catalyses the oxidation of 3,3’,5,5’-tetramethylbenzidine (TMB, 396) by H2O2.  The charge-
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transfer complex 398 formed after the first oxidative step shows a distinct blue colour, which turns 
yellow after the transfer of a second electron gives 399.255 If the reaction is left for enough time, the 
solution turns green (blue + yellow) and eventually totally yellow. In the bioassay, once sufficient pale 
blue colour has developed (several minutes), addition of phosphoric acid denatures the HRP and 
destroys the charge-transfer complex, to leave only the diamine 399 giving a yellow colour. Then, 
absorbance is read at 450 nm using a plate reader. 
 
Figure 49: Mechanism of oxidation of 3,3’,5,5’-tetramethylbenzidine 
4.3. Results  
The biochemical assay was performed as described in section 6.4.3. The final microplate concentration 
of AAG used was 0.05 U/100 µL. This value corresponded to the linear section of the standard curve 
of AAG, previously obtained in work done with the same enzyme, and thus should provide measurable 
changes to activity by inhibitors and permit calculation of % inhibition values.  
The standard curve for AAG was measured separately in each plate used in the biochemical assay, using 
a concentration range of 0.0625 to 0.4 U/100 µL. Results are displayed in Figure 50.  
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Figure 50: AAG standard curves generated using the surface-bound duplex oligonucleotide colorimetric assay 
The five inhibitors synthesised were added to the microplate in concentrations ranging from 12.5 µM 
to 1600 µM. The εC-oligomer was also added as positive control, in this case with a concentration range 
of 0.31 nM to 40 nM. Three replicates of each concentration of enzyme (+ inhibitor) were prepared. 
The dose-response curve obtained for positive control duplex oligomer DNA containing εC is displayed 
in Figure 51. % Inhibition was calculated from apparent AAG activity, obtained by interpolation of 
absorbance values into the AAG standard curve present on the same plate (see above). Values shown 
indicate the average of three replicates, with error bars indicating standard deviation. From that curve, 
an IC50 of 628 nM was calculated, higher than that reported for the oligomer of 39 nM.6  
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Figure 51: Dose-response curve obtained for εC oligomer in surface-bound duplex oligonucleotide colorimetric assay 
It can be seen that part of the curve presents negative % inhibition. This fact implies that, at low 
concentrations of known inhibitor, the enzyme activity detected was higher than that obtained without 
any addition of inhibitor. Negative inhibition was a recurring problem throughout the different 
  4. Biochemical assays 
136 
 
biochemical assays performed: its cause could not be determined, but it was hypothesised to be due to 
a systematic pipetting error. 
Next, the different dose-response curves were constructed for every inhibitor candidate. In the following 
pages, analysis of the data obtained for the inhibitor candidates is presented following the compound 
abbreviations and colour scheme displayed in Figure 52. 
 
Figure 52: Abbreviations and colour scheme used for the inhibitor candidates analysed in the biochemical assay 
Surprisingly, all the candidates analysed except one presented approximately flat curves at negative 
inhibition, even at high concentrations (1.6 mM). The exception was the 4-imidazole derivative (+)-
395, which gave an IC50 of 588 µM. The IC50 calculation was done taking the mid-point of the dose-
response curve instead of measuring the concentration of inhibitor at 50% inhibition, to account for the 
negative values obtained. Its dose-response curve is displayed in Figure 53. 
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Figure 53: Dose-response curve obtained for 4-imidazole-derivative inhibitor candidate (+)-395 in surface-bound duplex 
oligonucleotide colorimetric assay 
The different dose-response curves for the other inhibitor candidates tested displayed in Appendix C. 
A summary containing all the dose-response curves generated after interpolation of absorbance values 
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into the corresponding AAG standard curve is presented in Figure 54. Individual values and error bars 
are not displayed for clarity. 
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Figure 54: Dose-response curves obtained for the different inhibitor candidates analysed in surface-bound duplex 
oligonucleotide colorimetric assay 
As mentioned above and summarised in Figure 54, the only candidate showing promising inhibition 
was the 4-imidazole derivative (+)-395. However, due to the recurring negative inhibition problems 
obtained, the IC50 value was questioned. For that reason, a second biochemical assay following the same 
experimental procedure was performed by Elliot. The changes applied are described: 
 The plate layout was arranged with neighbouring columns containing different inhibitors at the 
same concentration and this sequence replicated along the plate. This was to see whether the 
timing of adding certain reagents from left to right with the multi-channel pipette affected the 
results. 
 Morin, a polyhydroxy flavonoid which is a reported inhibitor of AAG, was used as a second 
positive control together with εC-containing oligonucleotide. 
 Due to the results obtained in the previous bioassay, only 4-imidazole derivative (+)-395 was 
used as inhibitor candidate. 
 The maximum concentration used was increased to 3200 µM in order to obtain a plateau in the 
resulting dose-response curve. 
The standard curve obtained for AAG in this bioassay is displayed in Figure 55. Once again, it 
confirmed that the 0.05 U/100 μL concentration of final enzyme activity chosen to test the positive 
controls and the inhibitor candidate, belonged to the linear section of the enzyme standard curve. 
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Figure 55: AAG standard curve generated by Elliot using the surface-bound duplex oligonucleotide colorimetric assay 
The dose-response curves obtained for both known AAG inhibitors are displayed in Figure 56. From 
these, the calculated IC50 values were 114 nM for morin and 21 nM for the εC-containing 
oligonucleotide.  
The reference IC50 values for these known inhibitors are 2.6 µM for morin,256 as determined in a 
different, gel-based excision activity assay, and 39 nM for the duplex DNA containing εC.6 
 
Figure 56: Dose-response curves for morin and εC oligomer in surface-bound duplex oligonucleotide colorimetric assay 
performed by Elliot 
Finally, the dose-response curve obtained for the 4-imidazole-containing inhibitor candidate (+)-395 is 
displayed in Figure 57. Despite still being present, negative inhibition in the dose-response curve is 
limited to the point at 12.5 µM. Moreover, as was intended, the plateau of 100% is nearly reached at 
3200 µM. 
From that dose-response curve, a calculated IC50 of 156 µM was obtained, which is lower than that 
measured in the first bioassay (588 µM). 
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Figure 57: Dose-response curve obtained for 4-imidazole-derivative inhibitor candidate (+)-395 in replicate of surface-
bound duplex oligonucleotide colorimetric assay performed by Elliot 
The potency results obtained in the biochemical assay for the different inhibitor candidates do not agree 
with those from the docking model (Section 3.8.2). According to the docking, the 4-imidazole-
containing inhibitor candidate (+)-395 was the 19th highest scoring out of the 20 candidates tested. Its 
predicted binding interactions are displayed in Figure 58. 
  
Figure 58: MOE docking of (+)-395 into the active site of AAG (amino acid carbons in grey, inhibitor carbons in yellow) 
(PDB ID: 1F4R) and ligand interactions.  
According to the docking model, there is a π-stacking interaction between the imidazole ring and 
Tyr127. Stacking interactions between an electron-poor and an electron-rich aromatic ring, such as that 
existing between 4-imidazole and Tyr127, profit from charge transfer processes, which strengthen the 
binding.257  
Together with the π-stacking, which was present in all the candidates analysed, there is a 
predictedhydrogen bond between the imidazole NH and Cys178’s thiol group. Despite the low 
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electronegativity of the sulphur atom, experimental and theoretical evidence revealed that Cys can serve 
as either a hydrogen bond donor or acceptor. However, it is more often found as the former in protein 
X-ray structures by a ratio of 5:1, but here it is predicted to act as an acceptor.258 Finally, the 
hydroxymethyl oxygen acts as a hydrogen bond acceptor from His136. 
Interestingly, no interaction between the charged pyrrolidine NH and the nucleophilic water molecule, 
which was specifically targetted during drug design, was seen in the docking model. This fact, together 
with the reasons mentioned above, leads us believe that the inhibitor has a different binding mode than 
that generated by the docking model. The poor docking results could be due to an inaccurate depiction 
of AAG’s conformation after subtraction of DNA from the published crystal structure. It is hypothesised 
that the real reason why only (+)-395 showed promising inhibition is the increased strength of the π-
stacking interaction mentioned above and the presence of hydrogen bonding interactions between one 
of the imidazole nitrogen atoms and those residues acting as general acid catalysts in the active site 
during, for example, the protonation of εA (Section 1.5.2, Figure 59).  
 
Figure 59: Comparison between the structure of εA in AAG’s mechanism of glycolysis and proposed binding of (+)-395  
The ligand efficiency (LE) of the candidate was also calculated. LE is defined as the free binding energy 
of the ligand per heavy atom (HA, non-hydrogen atoms), and can be calculated by converting the Kd 
into the free energy of binding at 300 K (Eq. 1, Eq. 2).259 
𝐿𝐸 =  ∆𝐺/𝐻𝐴 
∆𝐺 =  −𝑅𝑇𝑙𝑛𝐾𝑑 
However, in our case the dissociation constant could not be obtained, as its calculation using the Cheng-
Prusoff equation requires the Michaelis constant for our enzyme (KM).260 This constant is defined as the 
substrate concentration at which the reaction rate is half of vmax, and its calculation requires a saturation 
assay (reaction velocity vs substrate concentration). According to Hopkins et al., who first proposed the 
use of ligand efficiency, the following approximation can be made, assuming standard conditions of 
aqueous solution at 300 K, neutral pH and remaining concentrations of 1M:261 
[Eq. 1] 
[Eq. 2] 
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𝐿𝐸 =  −
2.303𝑅𝑇
𝐻𝐴
𝑙𝑜𝑔 (
𝐾𝑑
°𝐶
) ≈ −
1.37
𝐻𝐴
× log(𝐾𝑑) =
1.37
𝐻𝐴
× 𝑝𝐾𝑑 
Finally, following the common practice of substituting pKd by pIC50, ligand efficiency can be expressed 
as: 
𝐿𝐸 =
1.37
𝐻𝐴
× 𝑝𝐼𝐶50 
Using the equation above, the ligand efficiency calculated for the 4-imidazole derivative (+)-395 was 
0.37 kcal·mol-1·heavy atom-1. This value is similar to the ligand efficiency exhibited by marketed drugs 
(Figure 60). 
 
Figure 60: Examples of ligand efficiency exhibited by marketed drugs 
This LE indicates that many of the structural components of the inhibitor are interacting with the target. 
The low molecular weight of (+)-395 provides room for improving its potency by adding further groups 
that interact strongly with the enzyme active site. A proposal for these modifications is included in the 
future work section.  
In summary, a microplate surface-bound hairpin loop fluorescent DNA oligomer assay was conducted 
to test the activity against AAG of the different inhibitor candidates synthesised.  
The viability of the assay was confirmed by measuring the activity of a known inhibitor of AAG, a 
duplex DNA containing εC. Results showed that only one inhibitor candidate, the pyrrolidine containing 
4-imidazole (+)-395, showed promising inhibition. For that reason, the assay was repeated by Elliot on 
the candidate of interest, giving an IC50 of 157 µM. 
 
[Eq. 3] 
[Eq. 4] 
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5. Conclusions and future work 
The research described in this thesis has involved the design, synthesis and biochemical assay of small 
molecule inhibitor candidates for the glycosylase AAG. Their design was based on two published 
inhibitory DNA oligomers, εC and PYR, combined with the examination of the enzyme active site. As 
a result, the synthetic targets for this project were 2-(hydroxymethyl)pyrrolidines 56 and 4-
(hydroxymethyl)pyrrolidines 57 (Figure 61). 
 
Figure 61: Project synthetic targets 
The synthesis of 2-(hydroxymethyl)pyrrolidines 56 was optimised up to the final step (aryl attachment), 
which could not be realised. The synthesis involved first L-pyroglutamic acid ester reduction and 
hemiaminal formation, followed by an α,β-unsaturation reaction, which used PhSO2Me and required 
extensive optimisation. Once successfully performed, it was followed by epoxidation and SmI2- or 
(PhSe)2-mediated ring-opening, giving the desired (S)-configuration of the alcohol on C3. Both TBS 
and Bn protecting groups were applied to this hydroxy group prior to attempting the key aryl metallic 
addition. The reaction was successfully performed on a model benzylpyrrolidine using both aryl 
lithiums and magnesium bromides. However, attempts to apply it on the bicyclic lactam gave complex 
mixtures of by-products. As a result, alternative investigative inhibitors bearing a phosphate group to 
mimic a nucleotide (313) were designed (Scheme 125).  
 
Scheme 125: Proposed synthesis of investigative inhibitor 313 
The first intermediate in that synthetic pathway, abasic pyrrolidine 311, was isolated in excellent yield. 
However, preliminary attempts to selectively phosphorylate the primary hydroxyl group on 311 were 
unsuccessful, and require further investigation. 
The synthesis of 4-(hydroxymethyl)pyrrolidines was successfully performed, and allowed the 
production of the desired AAG inhibitor candidates to be tested in a biochemical assay. The key 
intermediate abasic pyrrolidine (+)-59 was obtained in a total yield of 5% in 7 synthetic steps (Scheme 
126). The chiral centres present in (+)-59 at C3 and C4 were introduced during the synthetic route as 
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follows: first, NaBH4-mediated reduction of β-ketoester 103 and separation of cis and trans 
diastereoisomers gave pure alcohol (±)-175, which was resolved enzymatically using lipase from 
Candida antarctica to give the desired (+)-175. Finally, reduction and N-benzyl deprotection yielded 
(+)-59. 
 
Scheme 126: Synthesis of abasic 4-(hydroxymethyl)pyrrolidine (+)-59 
With (+)-59 isolated, a series of pyridine- and imidazole-containing 4-(hydroxymethyl)pyrrolidines 
were synthesised via reductive amination in yields ranging from 16 to 61%. The selected aryl groups 
presented hydrogen bond donors and acceptors, aimed at finding additional interactions between the 
aryl group and the enzyme active site.  
In order to test the activity of the inhibitor candidates, a surface-bound hairpin loop colorimetric DNA 
oligomer assay was performed. Out of the five candidates analysed, that bearing 4-imidazole ((+)-395) 
showed inhibition, with an IC50 of 157 µM. Despite not being in the nanomolar range, it possesses 
excellent ligand efficiency of 0.37 kcal·mol-1·heavy atom-1. This fact, combined with its low molecular 
weight (197 g·mol-1) shows there is room for potency improvement by adding groups to the candidate 
following structure-activity relationships.  
The first step in that direction could be substituting the imidazole group for different imidazopyridines 
and indoles, the idea being to more fully occupy the enzyme pocket, mimicking the structure of purine-
based substrates of AAG such as εA. This increase in π-system surface could strengthen the π-stacking 
interaction with Tyr127 observed in the docking study and add to the number of van der Waals contacts 
in general. Moreover, by changing the substitution pattern of the nitrogen atoms around the aryl groups, 
it could be tested at which position a hydrogen bond donor or acceptor is needed to achieve a higher 
potency. These variations could also lead to better alignment of dipoles in the π-stacking interaction. 
A simplified one-step synthesis is proposed (Scheme 127), to rapidly assess which are the better aryl 
groups, in which the resulting candidates lack the hydroxymethyl moiety present in (+)-395. The 
starting material, (R)-3-pyrrolidinol (400), presents the desired stereochemistry at C3 and is 
commercially available. The different formyl-imidazopyridines or formyl-indoles are commercially 
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available or could be synthesised by Vilsmeier-Haack reaction.262 Alternatively, a Mannich reaction 
could be employed, similar to the procedure applied by Evans et al.116 
 
 
Scheme 127: Synthesis of imidazopyridin- and indole-containing pyrrolidines 
Out of the inhibitor candidates 401-406 analysed in a biochemical assay, that showing highest activity 
against AAG could be modified to include the hydroxymethyl moiety, using the synthetic pathway 
applied in this project. This modification would reveal whether or not the presence of the diol leads to 
an increase in potency. Several phosphate-mimics could be added to the lead in order to further increase 
its potency, following the results obtained in the docking study performed. 
Through further lead optimisation, an inhibitor showing potency in the nanomolar range could be tested 
for AAG activity in cells, thus assessing membrane permeability as well. For example, the loss of AAG 
has been shown to sensitise mouse embryonic stem cells to alkylative DNA damage: Aag-/- cells show 
increased chromosome damage and cell death when treated with alkylating agent MMS.71 Therefore, 
the inhibitor could be added in conjunction with MMS on wild-type embryonic stem cells to see if 
analogous sensitising is achieved. These assays would be the first step before potential inhibitor testing 
in animals. 
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6. Experimental section 
6.1. General experimental 
6.1.1. Reagents and solvents 
Starting materials, reagents and solvents for reactions were reagent grade and, unless otherwise stated, 
used as purchased without further purification. Where used, “dry” solvents were passed through 
activated alumina columns using a Pure Solv™ Micro Solvent Purification System and were stored 
over activated molecular sieves (3 Å, 8 to 12 mesh) 
6.1.2. Chromatography 
Flash column silica chromatography was carried out using silica gel 40-63u 60 Å in a Biotage SP1 Flash 
Chromatography Purification System. Analytical thin layer chromatography (TLC) was performed 
using precoated aluminium-backed plates (silica gel 60 F254) and visualised by UV radiation at 254 nm, 
or by staining with basic potassium permanganate solution (K2CO3 (13.3 g), KMnO4 (2 g), water (200 
mL), NaOH solution (10% w/v, 1.7 mL). 
6.1.3. IR spectroscopy 
Infra-red (IR) spectra were recorded in the range 600-4000 cm-1 using an Agilent Clary 600 FTIR 
spectrometer with MKII Golden Gate Single Reflection ATR System.   
6.1.4. Gas chromatography mass spectrometry (GC-MS) 
GC-MS spectra were recorded on an Agilent Technologies 7890A GC system connected to an Agilent 
Technologies 5975C inert XL EI/CI mass selective detector (MSD) operating in electron impact (EI) 
mode and the conditions were as follows: inj. vol. 1 μL, inj. temp. 250 °C, column Agilent HP-5MS 
(30 m × 0.25 mm), oven temperature gradient 0 – 10 min, 30 °C; 10-21 min, 30 – 250 °C (20 °C ramp 
per minute). The data is given as follows: retention time of the title compound in the chromatogram, 
m/z of significant MS ions (assignment, % abundance relative to the base peak). 
6.1.5. Liquid chromatography mass spectrometry (LC-MS) 
LC-MS spectra were recorded using an Agilent 1260 Infinity Binary LC coupled to an Agilent 6120 
single Quadrupole mass spectrometer using electrospray ionisation (positive mode). LC conditions were 
as follows: inj. vol. 10 μL, column Agilent SB-C18 (2.1 x 50 mm, 5 µm), flow rate 0.2 mL/min, 
mobile phase Solvent A: MeCN (0.1% formic acid), Solvent B: water (0.1% formic acid), gradient 
0 to 0.4 min, 5% A; 0.4 to 2 min, 5-20% A; 2 to 3.5 min, 20-100% A; 3.5 to 5.5 min, 100% A; 5.5 
to 6 min, 100-5% A; 6 to 7 min, 5% A. 
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6.1.6. High resolution mass spectrometry (HRMS) 
HRMS spectra were recorded using an Agilent 1260 Infinity II coupled to an Agilent 6550 Quadrupole 
Time-of-Flight mass spectrometer using electrospray ionisation (positive mode). LC conditions were 
as follows: inj vol. 1.00 µL, column Agilent Extend-C18, flow rate 1.0 mL/min, mobile phase Solvent 
A: MeCN (0.1% formic acid), Solvent B: water (0.1% formic acid), gradient 0 to 3 min, 5% A; 3 to 3.5 
min, 100% A; 3.5 to 4 min, 5% A. 
6.1.7. NMR spectroscopy 
NMR spectra were obtained on a Bruker 500 MHz, Bruker 400 MHz or Bruker 300 MHz spectrometer.  
1 H-NMR spectra were referenced either to TMS at 0 ppm or to residual protic solvent: 3.31 ppm for 
CD3OD, 4.75 ppm for D2O or 7.26 ppm for CDCl3. The data is given as follows: chemical shift (δ) in 
ppm, integration, multiplicity, coupling constants J (Hz), assignment. 13C-NMR spectra were recorded 
at 126 MHz, 101 MHz or 75 MHz. They were referenced to CDCl3 at 77.0 ppm or CD3OD at 49.0 ppm. 
The data is given as follows: chemical shift (δ) in ppm, assignment. All chemical shifts are expressed 
as parts per million relative to tetramethylsilane (δH = 0.00 ppm) and coupling constants are given in 
Hertz to the nearest 0.5 Hz. Assignment of spectra was done using DEPT, COSY, HSQC and NOESY 
experiments. 
6.1.8. Specific optical rotation 
Specific optical rotation was recorded using a Jasco P-2000 Polarimeter. The data is reported as in the 
following example: 
[α] 20
D
 + 26 (c 2.04, EtOH) 
Where: α is specific rotation; the subscript indicates the wavelength (nm) of light used for optical 
rotation measurement, with D being the sodium D line (589 nm); the superscript indicates the 
temperature (°C) at which the optical rotation was measured; c stands for concentration, followed by 
the concentration of the sample in g/100 mL and the solvent used.  
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6.2. Synthesis of 2-(hydroxymethyl)pyrrolidines 
6.2.1. (+)-(5S)-5-(Hydroxymethyl)-2-pyrrolidinone 97 
 
To a solution of acid L-pyroglutamic acid 65 (2.00 g, 15.5 mmol) in 50 mL MeOH at -15 °C under N2 
was added SOCl2 (1.35 mL, 18.6 mmol) dropwise.124 After stirring for 30 min at -15 °C the reaction 
mixture was allowed to warm to RT over 1 h and stirring was continued for 1 h. The solvent was then 
evaporated and the residue was dried in vacuo. The residue was dissolved in EtOH (50 mL) under N2 
and cooled to 0 °C. To this solution was slowly added NaBH4 (1.17 g, 31.0 mmol). The reaction mixture 
was then allowed to warm slowly to RT and stirred overnight (18 h). Acetic acid (2.00 mL, 36.9 mmol) 
was added dropwise and the mixture was stirred for 30 min at RT under N2. The resulting milky 
suspension was filtered through diatomaceous earth. Silica gel (2.5 g) was added to the nearly-clear 
filtrate and the mixture was concentrated and dried in vacuo. Flash column silica chromatography 
(EtOAc/MeOH [9:1]) gave the title compound as a clear oil (1.50 g, 87%); Rf (EtOAc/MeOH [9:1]) 
0.13; IR ν (cm-1) 3190.5 (br, O-H), 3093, 2925, 1650 (C=O), 1454, 1422, 1391, 1286, 1079; NMR δH 
(500 MHz, CDCl3) 6.97 (1 H, bs, NH), 3.83-3.79 (1 H, m, 5-H), 3.69 (1 H, dd, J 11.5, 3.5, CHH-OH), 
3.48 (1 H, dd, J 11.5, 7.0, CHH-OH), 2.39-2.35 (2 H, m, 3-H), 2.19 (1 H, dddd, J 13.0, 9.5, 8.0, 6.5, 4-
HH), 1.81 (1 H, dddd, J 13.0, 9.5, 7.5, 5.5, 4-HH); δC  (126 MHz, CDCl3) 179.2 (CO), 66.0 (CH2O), 
56.3 (5-C), 30.2 (3-C), 22.6 (4-C); [α]20
D
 +26 (c 2.04, EtOH) (lit.,124 [α]20
D
 +30.5 (c 1.00, EtOH)); all data 
from which agrees with that reported in the literature.126, 131 
6.2.2. (+)-(3R,7aS)-Tetrahydro-3-phenyl-3H,5H-pyrrolo[1,2-c][1,3]oxazol-5-one 
98 
 
A mixture of hydroxymethyl-pyrrolidinone 97 (1.00 g, 8.69 mmol), benzaldehyde (1.25 g, 11.8 mmol) 
and p-toluenesulfonic acid (0.020 g, 0.12 mmol) in toluene (6 mL) was heated at reflux in a Dean-Stark 
water separator with vigorous stirring.131 After 12 h, the cooled reaction mixture was washed with 
saturated NaHCO3 solution (2 × 10 mL), saturated NaHSO3 solution (5 x 10 mL), water (2 × 10 mL) 
and brine (1 x 10 mL). The organic layer was dried over anhydrous MgSO4, filtered, concentrated and 
dried in vacuo to afford a yellow oil (1.24 g, 70%); IR ν (cm-1) 2946, 2878, 1696 (C=O), 1375, 1350, 
1260, 1219, 1163, 1065, 1024; NMR δH (300 MHz; CDCl3) 7.47-7.39 (2 H, m, Ar-H), 7.39-7.31 (3 H, 
m, Ar-H), 6.34 (1 H, s, 3-H), 4.24 (1 H, dd, J 8.0, 6.5 1-HH), 4.20-4.11 (1 H, m, 7a-H), 3.49 (1 H, t, J 
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8.0, 1-HH), 2.82 (1 H, ddd, J 17.5, 10.0, 9.5, 6-HH), 2.56 (1 H, ddd, J 17.5, 10.0, 4.0, 6-HH), 2.39 (1 
H, dddd, J 13.5, 10.0, 7.5, 4.0, 7-HH), 1.94 (1 H, dddd, 13.5, 10.0, 9.0, 5.5, 7-HH); δC  (126 MHz, 
CDCl3) 178.1 (C=O), 138.8 (Ar), 128.5 (Ar), 128.4 (Ar), 125.9 (Ar), 87.1 (3-C), 71.7 (1-C) 58.8 (7a-
C), 33.4 (6-C), 23.1 (7-C); GC-MS tR=19.4 min. m/z (EI) 203 (M+, 41%), 202 (100%), 173 (15%), 145 
(22%), 144 (29%), 126 (15%), 105 (PhCO+, 64%), 91 (19%), 77 (Ph+, 24%); [α] 20
D
  +251 (c 2.04, EtOH) 
(lit.,131 [α]20
D
 +269.6 (c 1.00, CHCl3)); all data from which agrees with that reported in the literature.131 
6.2.3. 1-benzylpyrrolidin-(3-2 H1)-2-one 247 
 
A solution of LDA in THF was prepared as follows: diisopropyl amine (810 µL, 5.71 mmol) was 
dissolved in dry THF (3.3 mL) under N2 and the solution was cooled to 0 °C. A solution of n-BuLi in 
hexane (2.5 M, 2.3 mL, 5.71 mmol) was added dropwise. The mixture was stirred at 0 °C for 10 min 
and then cooled to -78 °C in preparation for the next step.  
1-Benzylpyrrolidin-2-one 246 (0.50 g, 2.85 mmol) was dissolved in dry THF (2.9 mL) and added 
dropwise via syringe to the freshly formed LDA solution. The mixture was stirred for 30 min. at -78 °C 
and a solution of D2O (0.05 mL, 2.9 mmol) and DMPU (0.35 mL, 2.85 mmol) in THF (1.4 mL) was 
added. The resulting mixture was stirred for 35 min. at -78 °C, then warmed to -20 °C over 30 min. and 
finally allowed to warm to RT and stirred over 1 h. The reaction was quenched using water (30 mL). 
The mixture was extracted with DCM (3 × 30 mL). The combined organic layers were washed with 
water (2 × 100 mL), dried over anhydrous MgSO4, filtered, concentrated and dried in vacuo to afford a 
colourless oil. (0.497 g, 99%). NMR δH (500 MHz; CDCl3) 7.27-7.16 (5 H, m, Ar-H), 4.38 (2 H, s, 
PhCH2), 3.19 (2 H, t, J 7.0, 5-H), 2.37 (1 H, t, J 8.0, 3-H), 1.95-1.89 (2 H, m, 4-H); GC-MS tR=17.0 
min. m/z (EI) 176 (M+, 99%), 175 (82%), 174 (12%), 147 (47%), 146 (36%), 132 (10%), 119 (17%), 
118 (15%), 105 (26%), 104 (28%), 91 (PhCH2+, 100%), 65 (22%). 
6.2.4. 1-benzyl-3-(phenylsulfanyl)pyrrolidin-2-one 250  
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A solution of LDA in THF was prepared as follows: diisopropyl amine (810 µL, 5.71 mmol) was 
dissolved in dry THF (3.3 mL) under N2 and the solution was cooled to 0 °C. A solution of n-BuLi in 
hexane (2.5 M, 2.28 mL, 5.71 mmol) was added dropwise. The mixture was stirred at 0 °C for 10 min 
and cooled to -78 °C in preparation for the next step.  
1-benzylpyrrolidin-2-one 246 (0.50 g, 2.85 mmol) was dissolved in dry THF (2.9 mL) and added 
dropwise via syringe to the freshly formed LDA solution. The mixture was stirred for 30 min. at -78 °C 
and a solution of diphenyl disulfide (0.623 g, 2.85 mmol) and DMPU (0.35 mL, 2.85 mmol) in dry THF 
(1.40 mL) was added. The resulting mixture was stirred for 35 min. at -78 °C, then warmed to -20 °C 
over 30 min. and finally allowed to warm to RT and stirred over 1 h. The reaction was quenched using 
water (30 mL). The reaction mixture was extracted with diethyl ether (3 × 30 mL). The combined 
organic layers were washed with NaOH 1M (30 mL), water (30 mL), HCl 1M (30 mL) and water (30 
mL), dried over anhydrous MgSO4, filtered, concentrated and dried in vacuo. Flash column silica 
chromatography (Pet. ether/EtOAc [2:1]) gave the title compound as a yellow oil (0.18 g, 20%); Rf (Pet. 
ether/EtOAc [2:1]) 0.54; IR ν (cm-1) 3058, 2922, 1682 (C=O), 1426, 1269, 1026; NMR δH (500 MHz; 
CDCl3) 7.60 - 7.58 (2 H, m, Ar-H), 7.35 - 7.30 (6H, m, Ar-H), 7.20 (2 H, d, J 7.0, Ar-H), 4.50 (1 H, d, 
J 14.5, PhCHH), 4.42 (1 H, d, J 14.5, PhCHH), 3.91 (1 H, dd, J 9.0, 6.0, 3-H), 3.13 (1 H, ddd, J 9.5, 
8.5, 5.5, 5-HH), 3.05 (1 H, ddd, J 9.5, 8.5, 5.5, 5-HH), 2.45 (1 H, dtd, J 13.5, 8.5, 5.5, 4-HH), 2.04 (1 
H, ddt, J 13.5, 8.5, 5.5, 4-HH); δC (126 MHz; CDCl3) 172.1 (C=O), 136.0 (Ar), 133.3 (Ar), 132.9 (Ar), 
129.0 (Ar), 128.7 (Ar), 128.1 (Ar), 128.0 (Ar), 127.7 (Ar), 47.9 (PhCH2), 47.2 (3-C), 44.5 (5-C), 26.3 
(4-C); GC-MS tR=21.4 min. m/z (EI) 283 (M+, 36%), 175 ([M-SPh]+, 13%), 174 (100%), 173 (12%), 
91 (PhCH2+, 55%). 
6.2.5. (3R,7aS)-3-phenyl-6-(phenylsulfanyl)tetrahydro-3H,5H-pyrrolo[1,2-
c][1,3]oxazol-5-one 251 
 
A solution of LDA in THF was prepared as follows: diisopropyl amine (2.78 mL, 19.7 mmol) was 
dissolved in dry THF (11.4 mL) under N2 and the solution was cooled to 0 °C. A solution of n-BuLi in 
hexane (1.8 M, 12.30 mL, 19.7 mmol) was added dropwise. The mixture was stirred at 0 °C for 10 min 
and cooled to -78 °C in preparation for the next step.  
Bicyclic lactam 98 (2.00 g, 9.84 mmol) was dissolved in dry THF (10 mL) and added dropwise via 
syringe to the freshly formed LDA solution. The mixture was stirred for 30 min. at -78 °C and a solution 
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of diphenyl disulphide (2.15 g, 9.84 mmol) and TMEDA (1.2 mL, 9.8 mmol) in dry THF (4.8 mL) was 
added. The resulting mixture was stirred for 35 min. at -78 °C, then warmed to -20 °C over 30 min. and 
finally allowed to warm to RT and stirred over 1 H. The reaction was quenched using water (100 mL). 
The reaction mixture was extracted with diethyl ether (3 × 50 mL). The combined organic layers were 
washed with NaOH 1M (50 mL), water (50 mL), HCl 1M (50 mL) and water (50 mL), dried over 
anhydrous MgSO4, filtered, concentrated and dried in vacuo. Flash column silica chromatography of 
the resulting crude mixture (Pet. ether/EtOAc [9:1]) gave the title compound as a yellow oil (0.260 g, 
17%); Rf (Pet. ether/EtOAc [9:1]) 0.19; IR v (cm-1) 2941, 1691 (C=O), 1375, 1351, 1275, 1155; NMR 
δH (500 MHz; CDCl3) 7.57 - 7.55 (2 H, m, Ar-H), 7.46 - 7.43 (2 H, m, Ar-H), 7.38 - 7.30 (6H, m, Ar-
H), 6.30 (1 H, s, 3-H), 4.27 (1 H, t, J 9.5, 6-H), 4.18 (1 H, dd, J 8.0, 6.0, 1-HH), 4.04 (1 H, ddd, J 14.0, 
7.5, 6.5, 7a-H), 3.22 (1 H, t, J 8.0, 1-HH), 2.83 (1 H, ddd, J 13.5, 9.0, 7.5, 7-HH), 1.94 (1 H, ddd, J 
13.5, 10.0, 6.5, 7-HH); δC (126 MHz; CDCl3) 173.8 (C=O), 133.2 (Ar), 129.1 (Ar), 128.7 (Ar), 128.5 
(Ar), 128.2 (Ar), 126.0 (Ar), 87.4 (3-C), 72.1 (1-C) 55.9 (7a-C), 51.3 (6-C), 32.2 (7-C); GC-MS tR=20.1 
min. m/z (EI) 311 (M+, 97%), 202 (40%), 201 (38%), 190 (83%), 136 (100%), 135 (81%), 105 (PhCO+, 
28%), 91 (54%), 77 (Ph+, 21%); MS data agrees to that published in the literature.263  
6.2.6. 1-benzyl-3-(phenylsulfinyl)pyrrolidin-2-one 249 
 
Method a 
Phenylsulfanyl-Oxazol-5-one 250 (0.20 g, 0.71 mmol) was mixed with phosphonitrilic chloride trimer 
(0.024 g, 0.069 mmol). Hydrogen peroxide solution 30% (w/w) in H2O (0.07 mL, 0.7 mmol) was added 
at room temperature with continuous stirring. The reaction mixture was stirred for 2 h. After reaction 
completion, H2O (10 mL) was added and the residue was extracted with EtOAc (4 x 5 mL). The 
combined organic layers were dried over anhydrous MgSO4, filtered, concentrated and dried in vacuo 
to give 0.210 g of crude product.158 GC-MS analysis showed 249 as the major product of a mixture. The 
sulfoxide functionality was confirmed by IR analysis.  
Method b 
Phenylsulfanyl-Oxazol-5-one 250 (0.500 g, 1.76 mmol) was dissolved in MeOH (7.7 mL). The mixture 
was cooled to 0 °C and NaIO4 (0.377 g, 1.76 mmol) dissolved in a minimum amount of water was 
added. The mixture was allowed to warm to RT and it was stirred for 1 h. The reaction mixture was 
filtered and the precipitate was washed with MeOH. The filtrate was evaporated. The residue was 
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dissolved in Et2O, dried over MgSO4, filtered and evaporated under reduced pressure.157 Flash column 
silica chromatography (Pet. ether/EtOAc [1:1]) gave first unreacted starting material 250 (0.320 g, 
61%). Further elution with EtOAc gave the title compound as a yellow oil (0.143 g, 27%). Rf (Pet. 
ether/EtOAc [2:1]) 0.23; IR v (cm-1) 2930, 1681 (C=O), 1442, 1242, 1121, 1084, 1046 (S=O); NMR δH 
(300 MHz; CDCl3) 7.70 - 7.03 (10 H, m, Ar-H), 4.49 (1 H, d, J 14.5, PhCHH), 4.32 - 4.28 (1 H, m, 3-
H), 3.89 (1 H, d, J 14.5, PhCHH), 3.05 - 2.97 (1 H, m, 5-HH), 2.54 - 2.42 (1 H, m, 5-HH), 2.31 - 2.17 
(2 H, m, 4-H);  GC-MS tR=16.9 min. m/z (EI) 173 ([M-SOPh]+, 87%), 172 (14%), 106 (15%), 91 
(PhCH2+, 100%), 68 (14%), 65 (13%). IR data agrees with that published in the literature.158  
6.2.7. (3R,7aS)-3-phenyl-1,7a-dihydro-3H,5H-pyrrolo[1,2-c][1,3]oxazol-5-one 66 
 
In a flame-dried round bottom flask, bicyclic lactam 98 (4.583 g, 22.55 mmol) and methyl 
benzenesulfinate (3.54 mL, 27.1 mmol) were dissolved in dry THF (60 mL) and placed under inert 
atmosphere. KH (30 wt % dispersion in mineral oil, 9.02 g, 67.7 mmol) was placed in a flame-dried 
Schlenk flask. Mineral oil was washed three times with dry hexane and the remaining KH powder was 
suspended in anhydrous THF (15 mL). The suspension was slowly transferred to the solution containing 
lactam 66. The mixture was refluxed for 4 h. Then, H3PO4 0.5 M (10 mL) was added and THF was 
removed under reduced pressure. H3PO4 0.5 M was added (90 mL), and the aqueous layer was extracted 
with DCM (3 × 100 mL). The combined organic layers were dried over anhydrous MgSO4, filtered, 
concentrated and dried in vacuo. The resulting oil was redissolved in toluene (180 mL) and Na2CO3 
(11.95 g, 112.8 mmol) was added. The resulting mixture was refluxed over 18 h.152 Then, it was filtered 
through Celite® and the solvent was removed under reduced pressure. Flash column silica 
chromatography (DCM/Pet. ether [9:1]) gave the title compound as orange crystals (2.995 g, 66%). Rf 
(DCM/Pet. ether/EtOAc [9:1:0.5]) 0.29; m.p. 81 - 82 °C (lit. 83 °C); IR ν (cm-1) 3087, 2881, 1685 
(C=O), 1330. 1231, 1055, 959; NMR δH (300 MHz; CDCl3) 7.55 - 7.35 (5 H, m, Ar-H), 7.28 (1 H, dd, 
J 6.0, 2.0, 7-H), 6.20 (1 H, s, 3-H), 6.18 (1 H, dd, J 6.0, 1.5, 6-H), 4.64 (1 H, ddt, J 8.5, 7.0, 1.5, 7a-H), 
4.28 (1 H, dd, J  8.0, 7.0, 1-HH), 3.44 (1 H, t, J 8.5, 1-HH); δC (126 MHz, CDCl3)  176.9 (C=O), 147.7 
(7-C), 138.6 (Ar), 129.3 (6-C), 128.7 (Ar), 128.5 (Ar), 126.2 (Ar), 87.5 (3-C), 68.1 (1-C), 65.1 (7a-C); 
GC-MS tR=16.9 min. m/z (EI) 201 (M+ 33%), 200 ([M-H]+, 100%), 171 (30%), 143 (56%), 115 (28%), 
105 (PhCO+, 90%), 96 (43%); [α] 20
D
  +210 (c 1.08, CHCl3) (lit.,264 [α]20D  +214 (c 0.275, CHCl3)); all data 
from which agrees with that reported in the literature.99 
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6.2.8. (1aR,1bR,4R,6aR)-4-phenyltetrahydro-4H,6H-oxireno[3,4]pyrrolo[1,2-
c][1,3]oxazol-6-one 67 
 
To a solution of 66 (1.115 g, 5.5 mmol) in dry DMF (5.58 mL) under N2 was added tBuOOH (5M 
solution in decane, 2.44 mL, 12.2 mmol) and K2CO3 (0.79 g, 5.7 mmol). The mixture was stirred for 2 
h, then Bu4NF (1M solution in THF, 1.11 mL, 1.1 mmol) was added and the mixture was left stirring 
overnight. The reaction was quenched with saturated NH4Cl solution (10 mL) and extracted with DCM 
(3 × 10 mL). The combined organic layers were washed with water (30 mL), HCl 0.1M (5 x 30 mL), 
water (30 mL) and brine (30 mL), dried over anhydrous MgSO4, filtered, concentrated and dried in 
vacuo. Flash column silica chromatography (Pet. ether/EtOAc [1:1]) gave the title compound as pale 
yellow crystals (0.883 g, 74%); Rf (Pet. ether/EtOAc [1:1]) 0.13; m.p. 93-94 °C (lit. 93 °C); IR ν (cm-
1) 2964, 2863, 1720 (C=O), 1335, 1222, 1146, 1034; NMR δH (500 MHz; CDCl3) 7.39 - 7.32 (5 H, m, 
Ar-H), 6.34 (1 H, s, 4-H), 4.26 - 4.19 (2 H, m, 1b-H and 2-HH), 4.05 (1 H, d, J 2.5, 1a-H), 3.81 (1 H, 
d, J 2.5, 6a-H), 3.56 (1 H, dd, J 8.5, 8.0, 2-HH); δC (126 MHz, CDCl3)  174.4 (C=O), 138.0 (Ar), 128.7 
(Ar), 128.5 (Ar), 125.8 (Ar), 87.9 (4-C), 65.6 (2-C), 59.6 (1b-C), 56.9 (1a-C), 53.3 (6a-C); GC-MS 
tR=16.9 min. m/z (EI) 216 (M+ 6%), 147 (17%), 130 (18%), 105 (PhCO+, 100%), 91 (PhCH2+, 11%), 
77 (Ph+, 24%); []23
D
 +243.0 (c 0.92 CHCl3) (lit.,264 [α]20D  +240 (c 0.285, CHCl3)); all data from which 
agrees with that reported in the literature.264 
6.2.9. (3R,7S,7aR)-7-hydroxy-3-phenyltetrahydro-3H,5H-pyrrolo[1,2-
c][1,3]oxazol-5-one 68 
 
Method a 
A solution of epoxide 67 (0.438 g, 2.02 mmol) in dry THF (3.95 mL) and dry MeOH (1.99 mL) was 
added dropwise under N2 to a stirred solution of either purchased or generated in situ (see procedure 
below) SmI2 (2.1 eq.) at -78 °C. After being stirred for 30 min at -78 °C, saturated K2CO3 solution (7.83 
mL) was added, and the mixture was allowed to warm to RT.100 The reaction was extracted with Et2O 
(3 × 20 mL) and the combined organic layers were dried over anhydrous MgSO4, filtered, concentrated 
and dried in vacuo. Flash column silica chromatography (DCM/EtOAc [2:1]) gave the title compound 
as a white crystalline solid (0.278 g, 63%); Rf (DCM/EtOAc [2:1]) 0.17; m.p. 124-126 °C (lit. 128 °C); 
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IR ν (cm-1) 3364 (O-H), 1663 (C=O), 1391, 1340, 1077, 1027, 922; NMR δH (400 MHz; CDCl3) 7.44 - 
7.31 (5 H, m, Ar-H), 6.37 (1 H, s, 3-H), 4.46 (1 H, tt, J 7.5, 5.0, 7-H), 4.25 (1 H, dd, J 8.5, 6.5, 1-HH), 
4.02 (1 H, dt, J 7.0, 7.0, 7a-H), 3.68 (1 H, dd, J 8.5, 7.0, 1-HH), 2.90 (1 H, dd, J 17.0, 8.0, 6-HH), 2.83 
(1 H, dd, J 17.0, 7.5, 6-HH), 2.15 (1 H, d, J 5.0, OH); δC (126 MHz, CDCl3)  176.0 (C=O), 137.9 (Ar), 
128.7 (Ar), 128.5 (Ar), 125.9 (Ar), 87.3 (3-C), 70.8 (7-C), 69.3 (1-C), 67.0 (7a-C), 43.3 (6-C); GC-MS 
tR=22.1 min. m/z (EI) 219 (M+, 20%), 218 (97%), 200 (14%), 117 (13%), 105 (PhCO+, 100%), 96 
(12%), 91 (PhCH2+, 34%), 77 (49%), 51 (23%); []25D  +219 (c 0.12 MeOH) (lit.,
100 []30
D
  +231 (c 0.87)); 
HRMS (ESI) Found: 219.0895 (C12H13NO3 requires 219.0888); all data from which agrees with that 
reported in the literature.100, 264 
Preparation of SmI2183 
Stage 1: purification of commercial 1,2-diiodoethane 
1,2-Diiodoethane (10 g) was dissolved in EtOEt (200 mL). The organic layer was washed with saturated 
Na2S2O3 solution (5 x 50 mL) and water (50 mL), dried over MgSO4 and concentrated to give a white 
crystalline solid, which was wrapped in aluminium foil and dried in vacuo before being used in stage 
2.  
Stage 2: preparation of SmI2 from Sm metal 
Sm metal (1.65 g, 11.0 mmol) and freshly washed 1,2-diiodoethane (1.55 g, 5.51 mmol) were placed in 
a flame-dried round bottom flask. The flask was placed under N2 atmosphere and dry THF (55 mL) was 
added while stirring. After stirring overnight, the solution of SmI2 was allowed to settle for 30 min and 
was titrated prior to use. 
 Titration of SmI2 
An oven-dried 10 mL round bottom flask equipped with a stirring bar and septum was loaded with 
iodine (40 mg) and dissolved in dry THF (15 mL) under N2. Then, a second oven-dried round bottom 
flask was charged with a solution of SmI2. The exact volume of added SmI2 was noted. The solution of 
SmI2 was titrated with iodine solution. The end point is reached when the solution colour changes to 
yellow. All syringes and solvents used were flushed with N2 three times. The titration was repeated to 
give the average of three experiments. 
Method b 
To a mixture of (PhSe)2 (0.287 g, 0.92 mmol) in EtOH (2.5 mL) at RT under N2 atmosphere, NaBH4 
(0.104 g, 2.76 mmol) was added, and the mixture was vigorously stirred for 20 min. The reaction 
mixture was cooled to 0 °C, to which AcOH (0.211 mL, 3.68 mmol) was added. The resulting mixture 
was stirred for 5 min at 0 °C, then added to a solution of epoxide 67 (0.200 g, 0.92 mmol) in EtOH (1.5 
mL) under N2. The mixture was stirred for 30 min and then diluted with EtOAc (2 mL). The reaction 
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mixture was left open to air for 1h to allow the oxidation of PhSeH.182 Then, the mixture was washed 
with brine and the extract was dried over anhydrous MgSO4, filtered, concentrated and dried in vacuo. 
Flash column silica chromatography (DCM/EtOAc [2:1]) gave the title compound as a white crystalline 
solid (0.130 g, 65%). Both 1H-NMR and 13C-NMR spectra were in agreement with the literature spectral 
data and were identical to those of the compound made by method a.182 
6.2.10. tert-butyl (3R,4R)-3-[(tert-butoxycarbonyl)oxy]-4-pyrrolidine-1-
carboxylate 270  
 
To a solution of bicyclic lactam 68 (0.032 g, 0.15 mmol) in dry DMF (0.73 mL) were added imidazole 
(0.025 g, 0.37 mmol) and TBDMSCl (0.028 g, 0.18 mmol). After stirring for 6 h at 40 °C, dry MeOH 
(0.37 mL) was added, and the mixture was stirred for 1 h. Then, saturated NH4Cl (10 mL) was added 
and the crude mixture was extracted using Et2O (10 mL). The organic layer was washed with water (10 
mL), 0.1 M HCl (10 mL) and brine (10 mL), dried over anhydrous MgSO4, filtered, concentrated and 
dried in vacuo. Flash column silica chromatography of the resulting crude (Pet. ether/EtOAc [4:1]) gave 
the title compound as a colourless oil (0.026 g, 81%); Rf 0.45 (Pet. ether/EtOAc [4:1]); NMR δH (500 
MHz, CDCl3) 7.45 - 7.29 (5 H, m, Ar-H), 6.37 (1 H, s, 3-H), 4.36 (1 H, td, J 8.0, 5.0, 7-H), 4.20 (1 H, 
dd, J 8.5, 7.0, 1-HH), 3.99 (1 H, td, J 6.5, 5.0, 7a-H), 3.69 (1 H, dd, J 8.5, 6.5, 1-HH), 2.83 (1 H, dd, J 
16.5, 8.5 6-HH), 2.77 (1 H, dd, J 16.5, 8.0, 6-HH), 0.88 (9 H, s, tBu-H), 0.07 (6 H, d, J 4.0, Si(CH3)2); 
δC (126 MHz, CDCl3) 175.4 (CO), 138.1 (Ar), 128.6 (Ar), 128.5 (Ar), 126.1 (Ar), 87.2 (2-C), 72.7 (6-
C), 69.7 (4-C), 67.2 (5-C), 44.1 (7-C), 25.7 (SiC(CH)3)3), 18.0 (SiC(CH)3)3), -4.7 (SiCH3), -4.9 (SiCH3); 
GC-MS tR=23.1 min. m/z (EI) 333 (M+, 1%), 332 (2%), 277 (22%), 276 ([M-C(CH3)3]+,100%), 204 
(16%), 101 (16%), 91 (PhCH2+, 8%), all data from which agrees with that reported in the literature.264 
6.2.11. (3R,7S,7aR)-7-(benzyloxy)-3-phenyltetrahydro-3H,5H-pyrrolo[1,2-
c][1,3]oxazol-5-one 271 
 
To a solution of bicyclic lactam 68 (0.300 g, 1.37 mmol) in DMF (1.9 mL) and benzyl bromide (5.6 
mL) was added n-Bu4NI (0.606 g, 1.64 mmol). The mixture was cooled to -15 °C and NaH (0.082 g, 
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60 % in mineral oil, 2.06 mmol) was added in small portions. After 1 h, the mixture was slowly warmed 
to 0 °C and the reaction was quenched with the slow addition of saturated NH4Cl  (10 mL). Then, the 
mixture was extracted with EtOAc (3 × 20 mL) and the combined organic layers were washed with 
brine (60 mL), dried over anhydrous MgSO4, filtered, concentrated and dried in vacuo. Flash column 
silica chromatography of the resulting crude (DCM/EtOAc [6:1]) gave first the excess BnBr (Rf 0.95) 
followed by a complex mixture of products that could not be identified (0.070 g, Rf 0.28). Further 
elution with DCM/MeOH [9:1]  gave first the title compound as a yellow oil (0.168 g, 40%); Rf 
(DCM/EtOAc [2:1]) 0.57; NMR δH (400 MHz; CDCl3) 7.45 - 7.29 (10 H, m, Ar-H), 6.34 (1 H, s, 3-H), 
4.56 (1 H, d, J 11.5 Hz, PhCHH), 4.48 (1 H, d, J 11.5 Hz, PhCHH), 4.05 - 4.18 (3 H, m, 7-H, 1-HH and 
7a-H), 3.63 - 3.53 (1 H, m, 1-HH), 2.90 (1 H, dd, J 16.5, 8.0 Hz, 6-HH), 2.86 (1 H, dd, J 17.0, 8.0 Hz, 
6-HH); δC (126 MHz; CDCl3) 175.1 (CO), 138.0 (Ar), 136.9 (Ar), 128.7 (Ar), 128.6 (Ar), 128.5 (Ar), 
128.3 (Ar), 127.8 (Ar), 126.0 Ar), 87.1 (3-C), 77.7 (PhCH2), 72.1 (7-C), 69.8 (1-C), 65.1 (7a-C), 41.1 
(6-C). GC-MS tR=19.8 min. m/z (EI) 200 (41%), 143 (34%), 105 (PhCO+, 100%), 96 (47%), 91 
(PhCH2+, 11%), 77 (Ph+); [23D  +118.4 (c 3.36 MeOH). Further elution gave starting material 68 (0.068 
g, 23%). 
6.2.12. 1-benzyl-2-phenylpyrrolidine 287 
 
Method a 
To a solution of PhLi (1.2 mL, 1.9 M in ether) at 0 °C under N2 was added a solution of 1-
benzylpyrrolidin-2-one 246 (0.183 mL, 1.14 mmol) in dry THF (2.28 mL). The mixture was left to 
warm to RT for 1 h. Then, a dispersion of LiAlH4 (0.173 g, 4.56 mmol) in dry THF (10 mL) was added 
dropwise and the mixture was stirred at RT for 2 h.265 After following the reaction by GC-MS, 2 extra 
eq. of LiAlH4 (0.087 g, 2.28 mmol) in dry THF (5 mL) were added to promote the complete reduction 
of the formed iminium ion. The mixture was stirred for 16 h under N2. Then, the mixture was diluted 
with diethyl ether (5 mL) and cooled to 0 °C. Excess hydride was quenched by the slow addition of 
water (0.260 mL) followed by NaOH 4M (0.260 mL) and water (0.780 mL). The mixture was warmed 
to RT, stirred for 15 min, dried over anhydrous MgSO4, filtered, concentrated and dried in vacuo. Flash 
column silica chromatography of the resulting crude (Pet. ether/EtOAc [18:1]) gave the title compound 
as a colourless oil (0.119 g, 44%); Rf 0.43 (Pet. ether/EtOAc [18:1]); IR ν (cm-1) 3040, 2966, 2787, 
1494, 1453, 1116, 1028, 756, 736, 696; NMR δH (400 MHz; CDCl3) 7.61 - 7.20 (10 H, m, Ar-H), 3.85 
(1 H, d, J 13.0, PhCHH), 3.36 (1 H, t, J 8.0, 2-H), 3.09 (1 H, td, J 8.5, 2.5, 5-HH), 3.03 (1 H, d, J 13.0, 
PhCHH), 2.27 - 2.12 (2 H, m, 5-HH, 3-HH), 1.95 - 1.83 (1 H, m, 4-HH), 1.83 - 1.67 (2 H, m, 3-HH, 4-
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HH); δC (101 MHz, CDCl3) 143.9 (Ar), 139.8 (Ar), 128.7 (Ar), 128.4 (Ar), 128.1 (Ar), 127.5 (Ar), 127.0 
(Ar), 126.6 (Ar), 69.6 (2-C), 58.1 (PhCH2), 53.3 (5-C), 35.2 (3-C), 22.3 (4-C); GC-MS tR=20.4 min. m/z 
(EI) 237 (M+, 29%), 236 ([M-H]+, 24%), 160 ([M-Ph]+, 82%), 146 ([M-Bn]+, 26%), 91 (PhCH2+, 100%); 
all data from which agrees with that reported in the literature.266, 267 
Method b 
Bromobenzene (0.607 mL, 5.7 mmol) was slowly added to a stirred suspension of Mg turnings (0.269 
g, 11 mmol) in anhydrous THF (12 mL) under N2. The mixture was heated to reflux for 1 h. A small 
aliquot was transferred to a vial containing a solution of benzaldehyde. Successful magnesian 
generation was confirmed by the detection in GC-MS of diphenylmethanol.  
The resulting metallic grey solution was transferred to a solution of 1-benzylpyrrolidin-2-one 246 (0.5 
g, 2.85 mmol) in dry THF (15 mL) at 0 °C, and the mixture was allowed to warm to RT and left stirring 
over 16 h.  Then, the solution was cooled to -78 °C. BF3·Et2O (2.15 mL, 17.44 mmol) and L-selectride 
(2.15 mL 1M solution in THF, 5.7 mmol) were successively added, and the mixture was left stirring for 
1.5 h at -78 °C. The resulting suspension was allowed to warm to RT, it was diluted with Et2O (40 mL) 
and quenched with saturated NaHCO3 solution (90 mL). The aqueous layer was extracted with Et2O (4 
x 15 mL) and the combined organic layers were washed with brine (50 mL) dried over anhydrous 
MgSO4, filtered, concentrated and dried in vacuo. Flash column silica chromatography of the resulting 
crude (DCM/EtOAc [1:1]) gave the title compound as a colourless oil; Rf 0.92 (Pet. Ether/EtOAc [1:1]); 
Both 1H-NMR and 13C-NMR spectra were in agreement with the literature spectral data and were 
identical to those of the compound made by method a.266, 267  
6.2.13. (2R,3S)-1-benzyl-2-(hydroxymethyl)pyrrolidin-3-ol 311 
 
To a solution of bicyclic lactam 68 (0.400 g, 1.82 mmol) in dry THF (36 mL), BH3∙SMe2 (2 M in 
toluene, 3.65 mL, 7.3 mmol) was added. After stirring for 2 h at 70 °C the solution changed from pale 
yellow to colourless, then water (5 mL) was added and the mixture was acidified with 2 M HCl. After 
evaporation of THF in vacuo 5 M HCl (4.5 mL) was added to the solution and the mixture was refluxed 
for 5 min to destroy the borane-amine complex yielding a red solution. After cooling, the solution was 
washed with Et2O (3 × 10 mL) and the pH was adjusted with 40% NaOH solution, which turned the 
solution yellow. The alkaline solution was extracted with DCM (4 x 25 mL), dried over anhydrous 
MgSO4, filtered, concentrated and dried in vacuo. Flash column silica chromatography of the resulting 
crude (DCM/EtOAc [2:1]) gave a mixture of title compound and a minor impurity that could not be 
identified (10% by NMR analysis) as a pale yellow oil (0.310 g, 82%); Rf (EtOAc/MeOH [9:1]) 0.26; 
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IR ν (cm-1) 3350 (O-H), 2932, 2809, 1453, 1214, 1028, 750, 698; NMR δH (500 MHz; CDCl3) 7.32 - 
7.24 (5 H, m, Ar-H), 4.32 (1 H, dt, J 6.5, 3.0, 3-H), 3.95 (1 H, d, J 13.0, PhCHH), 3.65 - 3.60 (2 H, m, 
CH2O), 3.50 (1 H, d, J 13.0, PhCHH), 2.96 (1 H, ddd, J 9.0, 7.5, 1.5, 5-HH), 2.66 - 2.58 (2 H, m, 2-H, 
5-HH), 2.01 - 1.91 (1 H, m, 4-HH), 1.69 (1 H, ddt, J 13.0, 6.5, 2.0, 4-HH); δC (101 MHz, CDCl3) 138.9 
(Ar), 128.7 (Ar), 128.4 (Ar), 127.2 (Ar), 75.3 (3-C), 73.5 (2-C), 60.6 (CH2O), 58.7 (PhCH2), 52.0 (5-C), 
34.1 (4-C); [23
D
 -30.4 (c 1.00 MeOH) (lit.,268 [α]22
D
  -43.3 (c 1, CHCl3)); all data from which agrees with 
that reported in the literature.269 
6.3. Synthesis of 4-(hydroxymethyl)pyrrolidines 
6.3.1. Ethyl N-(2-ethoxy-2-oxoethyl)-β-alaninate 327  
 
NaOH (2.00 g, 50 mmol) was dissolved in water (21 mL) and to this was added glycine ethyl ester 
hydrochloride 183 (6.73 g, 50 mmol). The mixture was cooled to 0 °C under N2. Ethyl acrylate (5.31 
mL, 50 mmol) was added dropwise, and the mixture was allowed to warm to RT and stirred vigorously 
for 15 h.219 The reaction mixture was extracted with DCM (3 × 20 mL). The combined organic layer 
were washed with brine (2 × 20 mL), dried over anhydrous MgSO4, filtered, concentrated and dried in 
vacuo. Flash column silica chromatography of the crude product (DCM/EtOAc [1:2]) gave the title 
compound as a colourless oil (5.29 g, 54%); Rf (DCM/EtOAc [1:2]) 0.20; IR ν (cm-1) 3338 (N-H), 2982, 
1730 (C=O), 1617, 1439, 1372, 1254, 1178 (C-O), 1096, 1026; NMR δH (300 MHz; CDCl3) 4.19 (2 H, 
q, J 7.0, CH2CH3), 4.15 (2 H, q, J 7.0, CH2CH3), 3.41 (2 H, s, NHCH2CO), 2.90 (2 H, t, J 6.5, 2-H), 
2.51 (2 H, t, J 6.5, 3-H), 1.82 (1 H, bs, 1-H), 1.28 (3 H, t, J 7.0, CH2CH3), 1.26 (3 H, t, J 7.0, CH2CH3); 
δC (75 MHz; CDCl3) 172.4 (CO), 172.2 (CO), 60.8 (CH2CH3), 60.5 (CH2CH3), 50.9 (NHCH2CO), 44.8 
(2-C), 34.9 (3-C), 14.2 (CH2CH3), 14.2 (CH2CH3); GC-MS tR=14.0 min. m/z (EI) 203 (M+, 11%), 157 
(12%), 131 (19%), 130 (100 %), 116 (100%), 84 (100%), 57 (10%), 56 (16%); 1H-NMR and IR data 
agree with that published in the literature.270 
6.3.2. Ethyl N-benzyl-N-(2-ethoxy-2-oxoethyl)-β-alaninate 102 
 
Aminodiester 327 (4.767 g, 23.47 mmol) and NaHCO3 (2.225 g, 26.52 mmol) were dissolved in dry 
acetonitrile (26 mL). The system was flushed with N2 and benzyl bromide (2.8 mL, 23.47 mmol) was 
added dropwise while stirring. The reaction mixture was stirred under N2 for 16 h.219 The reaction was 
quenched using water (40 mL) and extracted with DCM (3 × 40 mL). The organic layer was washed 
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with water (100 mL), brine (2 × 100 mL), dried over anhydrous MgSO4, filtered, concentrated and dried 
in vacuo. Flash column silica chromatograpy of the resulting crude mixture (Pet. ether/EtOAc [9:1]) 
gave the title compound as a clear oil (6.564 g, 95%); Rf (Pet. ether/EtOAc [9:1]) 0.33; IR ν (cm-1) 
2981, 2852, 1730 (C=O), 1453, 1370, 1247, 1181 (C-O), 1144, 1027; NMR δH (300 MHz; CDCl3) 7.34 
- 7.21 (5 H, m, Ar-H), 4.15 (2 H, q, J 7.0, CH2CH3), 4.13 (2 H, q, J 7.0, CH2CH3), 3.82 (2 H, s, CH2Ph), 
3.33 (2 H, s, NCH2CO), 3.05 (2 H, t, J 7.0, 2-H), 2.49 (2 H, t, J 7.0, 3-H), 1.26 (3 H, t, J 7.0, CH2CH3), 
1.24 (3 H, t, J 7.0, CH2CH3); δC (126 MHz, CDCl3) 172.5 (CO), 171.3 (CO), 138.8 (Ar), 128.8 (Ar), 
128.3 (Ar), 127.2 (Ar), 60.4 (CH2CH3), 60.3 (CH2CH3), 57.8 (CH2Ph) , 53.9 (NCH2CO), 49.7 (2-C), 
33.6 (3-C), 14.3 (CH2CH3), 14.2 (CH2CH3);  GC-MS tR=20.4 min. m/z (EI) 293 (M+, 1%), 221 (16%), 
220 ([M-COOEt]+,100%), 206 (35%), 202 (10%), 91 (PhCH2+, 100%); %); 1H-NMR and IR data agree 
with that published in the literature.271 
6.3.3. Ethyl 1-benzyl-4-oxopyrrolidine-3-carboxylate 103 
 
Method a 
A solution of LDA in THF was prepared as follows: diisopropyl amine (1.20 mL, 8.49 mmol) was 
dissolved in dry THF (17 mL) under N2 and the solution was cooled to 0 °C. A solution of n-BuLi in 
hexane (2,5 M, 3.38 mL, 8.49 mmol) was added dropwise and the mixture was stirred at 0 °C for 30 
min. 
N-Benzyl α,β-aminodiester 102 (1.246 g, 4.25 mmol) was dissolved in dry THF (25.4 mL) under N2. 
The solution was cooled to 0 °C and the freshly formed LDA solution was added dropwise via syringe 
and rinsed in with extra THF (2 mL). The resulting mixture was allowed to warm to RT and stirred for 
16 h. The reaction was quenched using saturated aqueous NH4Cl solution (20 mL). The mixture was 
then extracted with a DCM/MeOH [9:1] mixture (3 × 20 mL). The combined organic layers were 
washed using saturated NH4Cl solution (3 × 20 mL), dried over anhydrous MgSO4, filtered, 
concentrated and dried in vacuo. The crude material (1.017 g) was kept under N2 in the freezer and was 
used directly in the next step to avoid oxidation to ethyl 1-benzyl-4-hydroxy-1H-pyrrole-3-carboxylate 
339. GC-MS tR=18.8 min. m/z (EI) 247 (M+, 2%), 174.1 ([M-COOEt]+, 65%), 117 (4%), 91 (100%), 
65 (7%). According to crude 1H-NMR analysis, the product represented 84% of total crude. Both 1H-
NMR and 13C-NMR spectra were in agreement with the literature spectral data and were identical to 
those of the compound made by method b.227 
Method b 
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To a solution of 1M TiCl4 in dry DCM (3.43 mL) at -10 °C was added N-Benzyl α,β-aminodiester 102 
(1.00 g, 3.41 mmol) in dry DCM (20 mL) and the resulting mixture was stirred at -10 °C for 0.5 h. Et3N 
(1.1 mL, 7.51 mmol) was added dropwise slowly and the mixture was stirred for 2.5 h. The reaction 
mixture was poured into saturated NaCl solution (25 mL) and the pH was made basic (~ 8) with Et3N 
while stirring. The precipitated salts were filtered through Celite® and washed with DCM. After 
extraction with DCM (3 × 25 mL), the combined organic layers were washed using saturated NaHCO3 
solution (5 x 75 mL), dried over anhydrous MgSO4, filtered, concentrated and dried in vacuo. The crude 
material, a yellow oil, was used directly in the following step (0.772 g, 92%); Rf (Pet. ether/EtOAc 
[9:1]) 0.2; IR ν (cm-1) 2981, 2806, 1767 (C=O), 1725 (C=O), 1028 (C-O); NMR δH (500 MHz; CDCl3): 
7.39 - 7.23 (5 H, m, Ar-H), 4.24 (2 H, qd, J 7.0, 1.0, OCH2CH3), 3.77 (1 H, d, J 13.0, PhCHH), 3.72 (1 
H, d, J 13.0, PhCHH), 3.46 (1 H, t, J 8.5, 2-HH), 3.35 (1 H, t, J 9.5, 3-H), 3.27 (1 H, d J 17.0, 5-HH), 
3.09 (1 H, t, J 9.0, 2-HH), 2.91 (1 H, d, J 17.0, 5-HH), 1.29 (3 H, t, J 7.0, OCH2CH3); δC  (101 MHz, 
CDCl3): 206.5 (CO), 167.4 (COOEt), 137.1 (Ar), 128.7 (Ar), 128.5 (Ar), 127.6 (Ar), 61.7 (O-CH2CH3), 
61.1 (5-C),  60.2 (PhCH2), 54.7 (3-C), 54.2 (2-C), 14.2 (CH3CH2). GC-MS tR=18.8 min. m/z (EI) 247 
(M+, 2%), 174.1 ([M-COOEt]+, 65%), 117 (4%), 91 (100%), 65 (7%); all data from which agrees with 
that reported in the literature.227 
6.3.4. 1-benzyl-4-hydroxy-1H-pyrrole-3-carboxylate 339 
 
Ethyl 1-benzyl-4-oxopyrrolidine-3-carboxylate 103 was generated according to 6.3.3 method a using 
as starting material N-Benzyl α,β-aminodiester 102 (0.780 g, 2.66 mmol) . Then, the crude mixture was 
purified by Flash column silica chromatography (Pet. Ether/EtOAc [9:1]). The impure fractions 
recovered required a second chromatographic step (DCM/Pet. Ether [3:1]), which gave the title 
compound as a colourless oil (0.085 g, 13%). Rf 0.45; NMR δH (400 MHz; CDCl3) 7.32 – 7.28 (3 H, m, 
Ar-H), 7.25 – 7.22 (1 H, m, Ar-H), 7.03 (2 H, d, J 7.5, Ar-H), 6.66 (1 H, d, J 3.0, 5-H), 5.83 (1 H, d, J 
3.0, 2-H), 5.30 (2 H, s, PhCH2), 4.25 (2 H, q, J 7.0, CH3CH2), 1.55 (1 H, bs, OH), 1.22 (3 H, t, J 7.0, 
CH3CH2); GC-MS tR=20.2 min m/z (EI) 245 (M+, 49%), 200 (11%), 199 (35%), 198 (28%), 91 (PhCH2+, 
100%); all data from which agrees with that reported in the literature.225 
6.3.5. Ethyl rel-(3R,4R)-1-benzyl-4-hydroxypyrrolidine-3-carboxylate (±)-356 
and ethyl rel-(3R,4S)-1-benzyl-4-hydroxypyrrolidine-3-carboxylate (±)-175 
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To a solution of oxopyrrolidine 103 (2.480 g, 10.03 mmol) in dry degassed MeOH (20 mL) at 0 °C was 
added slowly NaBH4 (0.190 g, 5.01 mmol). The mixture was stirred for 2 h at 0 °C. After this time, GC-
MS analysis revealed that starting oxopyrrolidine was still present, so 0.5 extra eq. of NaBH4 (0.190 g, 
5.01) were added at 0 °C and the mixture was allowed to warm to RT and stirred overnight.105 After 
removal of solvents in vacuo, the residue was dissolved in water and extracted with DCM/MeOH 9:1 
(6 x 20 mL). The combined organic layers were washed with brine (2 × 60 mL), dried over anhydrous 
MgSO4, filtered, concentrated and dried in vacuo. Flash column silica chromatography (Pet 
ether/EtOAc [4:1] 1% Et3N to Pet ether/EtOAc [1:1] 1% Et3N) gave a mixture of cis and trans isomers. 
This mixture was further purified by flash column silica chromatography (Pet ether/EtOAc [1:1] 1% 
Et3N) to give first (±)-356 as a yellow oil (0.572 g, 23%). Rf (Pet ether/EtOAc [1:1] 1% Et3N) 0.39; IR 
ν (cm-1) 3422 (O-H), 2805, 1727 (C=O), 1373, 1181 (C-O); NMR δH (400 MHz; CDCl3) 7.38 - 7.22 (7 
H, m, Ar-H), 4.53 – 4.49 (1 H, m,  4-H), 4.20 (2 H, q, J 7.0, CH2CH3), 3.72 (1 H, d, J 13.0, PhCHH), 
3.67 (1 H, d, J 13.0, PhCHH), 3.19 - 3.10 (1 H, m, 3-H), 3.09 - 3.01 (1 H, m, 2-HH), 2.89 (1 H, dd, J 
10.0, 5.0, 5-HH), 2.75 (1 H, t, J 9.0, 2-HH), 2.64 (1 H, dd, J 10.0, 3.0, 5-HH), 1.28 (3 H, t, J 7.0, 
CH3CH2); δC (101 MHz, CDCl3) 172.1 (CO), 138.5 (Ar), 128.7 (Ar), 128.3 (Ar), 127.1 (Ar), 71.7 (4-C), 
61.7 (5-C), 60.9 (CH2CH3), 59.8 (PhCH2), 53.5 (2-C), 48.8 (3-C), 14.2 (CH3CH2); GC-MS tR=20.8 min. 
m/z (EI) 249 (M+, 4%), 204 (10%), 158 (50%), 133 (12%), 132 (17%), 91 (PhCH2+, 100%), 65 (10%). 
HRMS (ESI) Found: 249.1355 (C14H19NO3 requires 249.1365). Further elution with Pet ether/EtOAc 
[1:1] 1% Et3N gave (±)-175 as a yellow oil (0.909 g, 37%). Rf (Pet ether/EtOAc [1:1] 1% Et3N) 0.10; 
IR ν (cm-1) 3385 (O-H), 2979, 2932, 2799, 1727 (C=O), 1454, 1372, 1255, 1178 (C-O), 1027; NMR δH 
(400 MHz; CDCl3) 7.33 - 7.22 (5 H, m, Ar-H), 4.51 (1 H, dt, J 5.5, 3.0, 4-H), 4.16 (2 H, q, J 7.0, 
CH2CH3), 3.63 (2 H, s, PhCH2), 3.12 (1 H, t, J 9.0, 2-HH), 2.95 (1 H, dt, J 8.0, 3.5, 3-H), 2.76 (1 H, dd, 
J 10.0, 3.0, 5-HH), 2.64 (1 H, dd, J 10.0, 5.5, 5-HH ), 2.54 (1 H, dd, J 9.5, 7.5, 2-HH), 2.32 (1 H, bs, 
OH, exchanged to D2O), 1.26 (3 H, t, J 7.0, CH3CH2); δC (101 MHz, CDCl3)  173.2 (CO), 138.3 (Ar), 
128.7 (Ar), 128.3 (Ar), 127.1 (Ar), 74.3 (4-C), 61.8 (5-C), 60.9 (CH2CH3), 59.6 (PhCH2), 55.2 (2-C), 
53.1 (3-C), 14.2 (CH3CH2); GC-MS tR=20.1 min. m/z (EI) 249 (M+, 12%), 220 (10%), 204 (20%), 158 
(79%), 133 (20%), 132 (26%), 91 (PhCH2+, 100%), 65 (14%); all data from which agrees with that 
reported in the literature.115 
6.3.6. Ethyl (3R,4S)-4-(acetyloxy)-1-benzylpyrrolidine-3-carboxylate (-)-176 and 
ethyl (3S,4R)-1-benzyl-4-hydroxypyrrolidine-3-carboxylate (+)-175 
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Vinyl acetate (2.18 mL) and lipase from Candida antarctica (1.37 g, Sigma Aldrich, batch 
SLBG4222V) were added to a solution of (±)-175 (1.96 g, 7.88 mmol) in tert-butyl methyl ether (62 
mL). The mixture was stirred at 40 °C for 2.5 h and filtered through Celite®. The solids were washed 
with EtOAc and the combined filtrates were washed using saturated NaHCO3 solution, dried over 
anhydrous MgSO4, filtered, concentrated and dried in vacuo to afford a yellow oil. Flash column silica 
chromatography of the resulting mixture (Pet. Ether/EtOAc [3:2]) gave first (-)-176 as a yellow oil 
(0.850 g, 75%). Rf (Pet. Ether/EtOAc [3:2]) 0.73; IR ν (cm-1) 2979, 2799, 1732 (C=O), 1454, 1370, 
1234 (C-O), 1194, 1174 (C-O), 1029; NMR δH (400 MHz; CDCl3) 7.33 - 7.25 (5 H, m, Ar-H), 5.41 - 
5.38 (1 H, dt, J 6.5, 3.0, 4-H), 4.17 (2 H, q, J 7.0, CH2CH3), 3.65 (1 H, d, J 13.0, PhCHH), 3.59 (1 H, 
d, J 13.0, PhCHH), 3.16 (1 H, t, J 8.5, 2-HH), 3.06 (1 H, td, J 8.0, 3.5, 3-H), 2.82 (1 H, dd, J 11.0, 2.5, 
5-HH), 2.76 (1H, dd, J 11.0, 6.0, 5-HH), 2.49 (1 H, dd, J 9.0, 8.5, 2-HH), 2.05 (3 H, s, COCH3), 1.26 
(3 H, t, J 7.0, CH3CH2); δC  (126 MHz, CDCl3) 172.4 (C=O), 170.7 (C=O), 138.0 (Ar), 128.8 (Ar), 128.3 
(Ar), 127.2 (Ar), 76.1 (4-C), 61.1 (CH2CH3), 59.7 (5-C), 59.6 (PhCH2), 56.1 (2-C), 50.2 (3-C), 21.1 
(COCH3), 14.2 (CH2CH3); GC-MS tR=21.7 min. m/z (EI) 291 (M+, 0.5%), 231 (18%), 159 (13%), 158 
(98%), 91 (100%); []21
D
 -40.7 (c 1.40 CHCl3) (lit.,115 []21D   -41.5 (c 0.74, CHCl3)). HRMS (ESI) Found: 
291.147 (C16H21NO4 requires 291.1471). Further elution of the column with Pet ether/EtOAc [1:4] gave 
(+)-175 as a colourless gum, which crystallised at -20 °C (0.815 g, 83%); m.p. 48-50 °C; Rf (Pet. 
Ether/EtOAc [3:2]) 0.20; IR ν (cm-1) 3414 (O-H), 2974, 2799, 1727 (C=O), 1454, 1372, 1242, 1178 (C-
O), 1029; NMR δH (400 MHz; CDCl3) 7.33 - 7.27 (5 H, m, Ar-H), 4.51 (1 H, dt, J 5.5, 3.0, 4-H), 4.16 
(2 H, q, J 7.0, CH3CH2), 3.68 (1 H, d, J 13.0, PhCHH), 3.64 (1 H, d, J 13.0, PhCHH), 3.16 (1 H, t, J 
9.0, 2-HH), 2.97 (1 H, td, J 8.0, 3.0, 3-H), 2.80 (1 H, dd, J 10.0, 2.5, 5-HH), 2.66 (1 H, dd, J 10.0, 5.5, 
5-HH), 2.57 (1 H, dd, J 9.5, 7.5, 2-HH), 2.07 (1 H, bs, OH, exchanged to D2O), 1.26 (3 H, t, J 7.0, 
CH3CH2); δC (126 MHz, CDCl3)  173.2 (C=O), 138.3 (Ar), 128.7 (Ar), 128.3 (Ar), 127.1 (Ar), 74.3 (4-
C), 61.8 (PhCH2), 60.9 (CH2CH3), 59.6 (5-C), 55.2 (3-C), 53.1 (2-C), 14.2 (CH2CH3); GC-MS tR=20.8 
min. m/z (EI) 249 (M+, 2%), 229 (11%), 184 (12%), 158 ([M-PhCH2]+, 25%), 91 (PhCH2+, 100%), 65 
(11%); []22
D
 +19.5 (c 0.91 CHCl3) ) (lit.,115 []21D   +16.9 (c 0.71, CHCl3)).; all data from which agrees 
with that reported in the literature.115 
6.3.7. (3R,4R)-1-Benzyl-4-(hydroxymethyl)pyrrolidin-3-ol (+)-177 
 
β-hydroxyester (+)-175 (0.815 g, 3.27 mmol) was dissolved in dry THF (27 mL) and cooled to 0 °C. 
LiAlH4 (0.496 g, 13.08 mmol) was added slowly and the mixture was warmed to RT and stirred until 
TLC showed reaction completion. The mixture was diluted with ether and excess hydride was quenched 
at 0 °C by successive addition of water (0.5 mL), 15% NaOH (0.5 mL) and water (1.5 mL). Then, the 
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mixture was warmed to RT, stirred for 15 min, dried over anhydrous MgSO4, filtered, concentrated and 
dried in vacuo. Flash column silica chromatography of the crude (DCM/MeOH [9:1]) gave (+)-177 as 
a colourless gum (0.340 g, 50%). Rf (DCM/MeOH [9:1]) 0.13; δH (400 MHz; CD3OD) 7.36 - 7.27 (5 H, 
m, Ar-H), 4.00 (1 H, dt, J 6.0, 4.0, 3-H), 3.68 (1 H, d, J 12.5, PhCHH), 3.65 (1 H, dd, J 10.5, 5.5, CHH-
OH), 3.58 (1 H, d, J 12.5, PhCHH), 3.51 (1 H, dd, J 10.5, 7.5, CHH-OH), 2.92 (1 H, dd, J 9.5, 8.0, 5-
HH), 2.75 (1 H, dd, J 10.0, 6.5, 2-HH), 2.59 (1 H, dd, J 10.0, 4.0, 2-HH), 2.37 (1 H, dd, J 9.5, 6.5, 5-
HH), 2.24 - 2.16 (1 H, m, 4-H); δC (101 MHz, CDCl3) 137.8 (Ar), 128.9 (Ar), 128.4 (Ar), 127.3 (Ar), 
74.2 (3-C), 64.6 (CH2O), 62.3 (2-C), 60.1 (PhCH2), 55.9 (5-C), 50.0 (4-C); GC-MS tR=20.1 min. m/z 
(EI) 207 (M+, 3%), 133 (8%), 132 (11%), 91 (PhCH2+, 100%), 77 (Ph+, 5%), 65 (19%); []23D  +31.1 (c 
1.01 MeOH) (lit.,115 []21
D
 +33.0 (c 0.75 MeOH)); HRMS (ESI) Found: 207.1254 (C12H17NO2 requires 
207.1259); all data from which agrees with that reported in the literature.115  
6.3.8. tert-Butyl (3R,4R)-3-hydroxy-4-(hydroxymethyl)pyrrolidine-1-carboxylate 
(+)-182 
 
Pd/C (0.010 g, 10%) was added to a stirred solution of the diol (+)-177 (0.050 g, 0.24 mmol) and di-
tert-butyl dicarbonate (0.06 mL, 0.24 mmol) in MeOH (1 mL). H2 was added from a balloon over 24 h. 
The mixture was filtered through Celite®, the solvent was evaporated and the residue was 
chromatographed (EtOAc/MeOH [35:1]) to afford the N-Boc protected pyrrolidine as colourless gum 
(0.028 g, 54%).115 Rf (EtOAc/MeOH [35:1]) 0.30; NMR δH  (500 MHz; CDCl3 + D2O) 4.29 - 4.22 (1 
H, m, 3-H), 3.72 - 3.57 (4 H, m, CH2O, 2-HH, 5-HH), 3.29 - 3.21 (1 H, m, 2-HH), 3.12 - 3.09 (1 H, m, 
5-HH), 3.10 (0.5 H, bs, OH, exchanged to D2O), 2.94 (0.5 H, bs, OH, exchanged to D2O), 2.69 (0.5 H, 
bs, OH, exchanged to D2O), 2.51 (0.5 H, bs, OH, exchanged to D2O),  2.35 - 2.28 (1 H, m, 4-H), 1.45 
(9 H, s, C(CH3)3); δC (126 MHz, CDCl3) 154.7 (CO), 79.7 (C(CH3)3), (73.2, 72.3) (3-C), 63.0 (CH2O), 
(52.7, 52.3) (2-C), (48.2, 47.6) (4-C), (46.6, 46.0) (5-C), 28.5 (C(CH3)3); GC-MS tR=19.2 min. m/z (EI) 
217 (M+, 1%), 144 (19%), 112 (11%), 68 (15%), 57 (100%), 56 (46%), 55 (21 %); [23
D
  +23.2 (c 1.00 
MeOH) (lit.,117 []21
D
 +16 (c 0.8 MeOH); all data from which agrees with that reported in the literature.116  
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6.3.9. tert-butyl (3R,4R)-3-[(tert-butoxycarbonyl)oxy]-4-[[(tert-
butoxycarbonyl)oxy]methyl]pyrrolidine-1-carboxylate (+)-368 
 
The procedure was reproduced as for (+)-182. Column chromatography (Pet. ether/EtOAc [2:1]) gave 
the title compound as colourless gum (0.250 g, 44%). Rf (Pet. ether/EtOAc [2:1]) 0.74; IR ν (cm-1) 3321 
(O-H), 2945, 2764, 1616 (C=O), 1454, 1400, 1065, 1047 (C-O); NMR δH  (400 MHz; CDCl3) 4.88 (1 
H, dt, J 5.5, 3.0, 3-H), 3.93 (2 H, dd, J 7.0, 2.5, CH2O), 3.61 (1 H, dd, J 12.5, 5.5, 2-HH), 3.52 (1 H, dd, 
J 11.0, 7.5, 5-HH), 3.42 - 3.31 (1 H, m, 2-HH), 3.25 - 3.16 (1 H, m, 5-HH), 2.60 - 2.57 (1 H, m, 4-H), 
1.39 (18H, s, 2xC(CH3)3), 1.36 (9H, s, C(CH3)3); δC (101 MHz, CDCl3) 153.9 (CO), 153.0 (CO), 152.4 
(CO), 82.5 (C(CH3)3), 82.2 (C(CH3)3), 79.4 (C(CH3)3), 75.9 (3-C), (65.4, 65.3) (CH2O), (50.3, 50.1) (2-
C), (46.4, 45.9) (5-C), (43.1, 42.2) (4-C), 28.2 (C(CH3)3), 27.5 (C(CH3)3), 27.5 (C(CH3)3); HRMS (ESI) 
Found: 117.0786 (C20H35NO8 requires 417.4990). Corresponds to the deprotected pyrrolidine due to 
formic acid in mobile phase. 
6.3.10. (3R,4R)-4-(Hydroxymethyl)pyrrolidin-3-ol hydrochloride (+)-59 
 
Carbamate (+)-182 (0.026 g, 0.120 mmol) was dissolved in MeOH (2 mL) and HCl (37%, 1 mL) was 
added at RT. The mixture was stirred for 1 h and the solvent was evaporated to give the title compound 
as a yellow oil (0.018 g, 100%).115 NMR δH  (400 MHz; D2O) 4.44-4.35 (1 H, m, 3-H), 3.64-3.55 (3 H, 
m, CH2O, 2-HH), 3.42 (1 H, dd, J 12.5, 4.5, 5-HH), 3.25 (1 H, d, J 12.5, 5-HH), 3.15 (1 H, dd, J 12.0, 
5.5, 2-HH), 2.52-2.38 (1 H, m, 4-H); δC (101 MHz, D2O) 71.4 (3-C), 60.4 (CH2O), 51.6 (5-C), 47.4 (4-
C), 46.1 (2-C); [23
D
 +16.0 (c 1.00 MeOH) (lit.,112 [D +18.2 (c 0.7, MeOH)); HRMS (ESI) Found: 
117.0789 (C5H11NO2 requires 117.079). all data from which agrees with that reported in the 
literature.113, 115  
6.3.11. General procedure for reductive amination of (+)-59 
A solution of pyrrolidine hydrochloride (+)-59 (0.050 g, 0.33 mmol) in anhydrous MeOH (2.24 mL) 
was placed in a flame-dried three-necked round bottom flask under N2. The corresponding aryl 
carbaldehyde (1.07 eq., 0.35 mmol) was added and the mixture was stirred at RT until complete 
solubilisation. Then NaBH3CN was slowly added and the mixture was left stirring under N2 for 18 h. 
General work-up involved filtration of the mixture through Celite® and solvent evaporation. 
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6.3.12. (3R,4R)-4-(hydroxymethyl)-1-[(1H-imidazol-2-yl)methyl]pyrrolidin-3-ol 
(+)-394 
 
The general procedure for reductive amination was followed. The resulting crude was adsorbed onto 
silica and flash column silica chromatography was performed (DCM/MeOH [5 to 30% MeOH]) to give 
the title compound as a yellow oil (0.036 g, 56%); Rf (DCM/MeOH [5:1]) 0.15; NMR δH (400 MHz, 
MeOD) 7.02 (2 H, s, Ar-H), 4.08 - 4.01 (1 H, m, 3-H), 3.79 (1 H, d, J 14.0, NCHHAr), 3.74 (1 H, d, J 
14.0, NCHHAr), 3.60 (1 H, dd, J 11.0, 6.0, CHHO), 3.52 (1 H, dd, J 11.0, 7.0, CHHO), 3.01 (1 H, t, J 
9.0, 5-HH), 2.77 (1 H, dd, J 10.0, 6.0, 2-HH), 2.68 (1 H, dd, J 10.0, 3.5, 2-HH), 2.38 (1 H, dd, J 9.5, 
7.0, 5-HH), 2.26 – 2.17 (1 H, m, 4-H); δC 101 MHz, MeOD) 146.3 (Ar), 122.8 (Ar), 74.3 (3-C), 64.0 
(CH2O), 62.9 (2-C), 57.1 (5-C), 52.8 (NCH2Ar), 51.4 (4-C); [23D  +16.0 (c 4.85 MeOH); HRMS (ESI) 
Found: 197.1164 (C9H15N3O2 requires 197.1164). 
6.3.13. (3R,4R)-4-(hydroxymethyl)-1-[(1H-imidazol-4-yl)methyl]pyrrolidin-3-ol 
(+)-395 
 
The general procedure for reductive amination was followed. As soon as NaBH3CN was added, the 
mixture, initially a transparent solution, turned cloudy. After stirring at RT for 22 h, LCMS revealed a 
high concentration of unreacted starting material (M+ 118). For that reason, 1 extra eq. of 1H-Imidazole-
4-carbaldehyde was added (0.031 g, 0.33 mmol) and the mixture was stirred for 1 h. Then, it was filtered 
through Celite® and loaded onto a 2 g SCX column. Washings with MeOH gave a mixture of title 
compound and an impurity which could be characterised as borohydride salts.253 Further elution with 
NH3 (1 M in MeOH) gave the title compound as a yellow oil. (11 mg, 17%); Rf [DCM/MeOH (5:1)] 
0.28; NMR δH (400 MHz, MeOD) 7.61 (1 H, d, J 1.0, Ar-H), 6.97 (1H, s, Ar-H) 3.98 (1 H, dt, J 6.0, 
4.0, 3-H), 3.64 (1 H, d, J 13.5, NCHHAr), 3.61 (1 H, dd, J 11.0, 6.0, CHHO), 3.57 (1 H, d, J 13.5, 
NCHHAr), 3.49 (1 H, dd, J 10.5, 7.5, CHHO), 2.93 (1 H, dd, J 9.5, 8.5, 5-HH), 2.74 (1 H, dd, J 10.0, 
6.0, 2-HH), 2.60 (1 H, dd, J 10.0, 4.0, 2-HH), 2.35 (1 H, dd, J 9.5, 6.5, 5-HH), 2.20 – 2.12 (1 H, m, 4-
H); δC 101 MHz, MeOD) 136.3 (Ar), 134.9 (Ar), 120.2 (Ar), 74.2 (3-C), 64.3 (CH2O), 62.8 (2-C), 57.0 
(5-C), 52.3 (NCH2Ar), 51.3 (4-C); [23D  +150.1 (c 1.00 MeOH); HRMS (ESI) Found: 197.1163 
(C9H15N3O2 requires 197.1164). 
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6.3.14. (3R,4R)-4-(hydroxymethyl)-1-[(pyridin-2-yl)methyl]pyrrolidin-3-ol (+)-391 
 
The general procedure for reductive amination was followed. After solvent evaporation, the crude was 
purified by flash column silica chromatography (DCM/MeOH [9:1]) to yield a yellow oil (0.039 g, 
61%); Rf 0.2 (DCM/MeOH [9:1]); NMR δH (400 MHz, D2O) 8.45 – 8.41 (2 H, m, Ar-H), 7.80 (1 H, 
ddd, J 8.0, 2.0, 1.5, Ar-H), 7.42 (1H, ddd, J 8.0, 5.0, 0.5 Ar-H) 4.05 (1 H, dt, J 6.0, 4.5, 3-H), 3.71 (1 
H, d, J 13.0, NCHHAr), 3.63 (1 H, dd, J 11.0, 6.5, CHHO), 3.60 (1 H, d, J 13.0, NCHHAr), 3.52 (1 H, 
dd, J 11.0, 7.5, CHHO), 2.93 (1 H, dd, J 10.0, 8.0, 5-HH), 2.78 (1 H, dd, J 10.5, 6.5, 2-HH), 2.60 (1 H, 
dd, J 10.5, 4.0, 2-HH), 2.31 (1 H, dd, J 10.0, 7.0, 5-HH), 2.23 – 2.15 (1 H, m, 4-H); δC (101 MHz, D2O) 
149.3 (Ar), 147.8 (Ar), 138.6 (Ar), 133.1 (Ar), 124.1 (Ar), 72.4 (3-C),  62.4 (CH2O), 60.5 (2-C), 56.6 
(NCH2Ar), 55.2 (5-C), 48.5 (4-C); [23D  +13.6 (c 1.00 MeOH); HRMS (ESI) Found: 208.1209 
(C11H16N2O2 requires 208.1212). 
6.3.15. (3R,4R)-4-(hydroxymethyl)-1-[(pyridin-3-yl)methyl]pyrrolidin-3-ol (+)-392 
 
The general procedure for reductive amination was followed. After solvent evaporation, the crude was 
purified by flash column silica chromatography (DCM/MeOH [9:1]) to yield a yellow oil which was 
characterised as a mixture of title compound and borohydride salts. Addition of MeOH (1 mL) did not 
solubilise the mixture completely. After filtration through Celite®, the filtrate was characterised as the 
title compound (0.028 g, 44%); Rf 0.15 (DCM/MeOH [9:1]); NMR δH (400 MHz, MeOD) 8.54 (1 H, d, 
J 4.5 Ar-H), 7.84 (1 H, td, J 7.5, 1.5, Ar-H), 7.52 (1 H, d, J 8.0, Ar-H) 7.36 (1 H, dd, J 7.5, 5.0), 4.15 
(1 H, dt, J 6.0, 3.5, 3-H), 4.10 (1 H, d, J 14.0, NCHHAr), 4.02 (1 H, d, J 14.0, NCHHAr), 3.64 (1 H, 
dd, J 11.0, 5.5, CHHO), 3.57 (1 H, dd, J 10.5, 6.5, CHHO), 3.26 (1 H, dd, J 10.0, 8.5, 5-HH), 3.06 (1 
H, dd, J 10.5, 6.0, 2-HH), 2.91 (1 H, dd, J 10.5, 3.0, 2-HH), 2.73 (1 H, dd, J 10.5, 6.5, 5-HH), 2.36 – 
2.26 (1 H, m, 4-H); δC 101 MHz, MeOD) 157.0 (Ar), 150.2 (Ar), 139.0 (Ar), 125.0 (Ar), 124.5 (Ar), 
73.9 (3-C), 63.4 (CH2O), 63.1 (2-C), 61.7 (NCH2Ar), 57.4 (5-C), 50.9 (4-C); [23D  +154.2 (c 1.00 
MeOH); HRMS (ESI) Found: 208.1213 (C11H16N2O2 requires 208.1212). 
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6.3.16. (3R,4R)-4-(hydroxymethyl)-1-[(pyridin-4-yl)methyl]pyrrolidin-3-ol (+)-393 
 
The general procedure for reductive amination was followed. Upon addition of NaBH3CN, the mixture, 
initially an orange solution, turned yellow. After 18 h the bright yellow suspension was filtered through 
Celite® and the solvent was removed. In order to remove the borohydride salts present in the crude, the 
residue was taken up in water (5 mL) and the pH was adjusted to 10 using NaOH 1M. It was extracted 
with DCM/MeOH 9:1 (3 × 10 mL) and the combined organic layers were washed with brine (30 mL). 
Flash column silica chromatography (DCM/MeOH [9:1]) gave a mixture of title compound and 4-
pyridinemethanol. Further purification (DCM/MeOH [3:1]) gave the title compound as a yellow oil 
(0.010 g, 16%); Rf 0.31 (DCM/MeOH [3:1]); NMRδH (400 MHz, MeOD) 8.47 (2 H, d, J 6.0, Ar-H), 
7.46 (2 H, d, J 6.0, Ar-H), 4.04 (1 H, dt, J 6.0, 3.5, 3-H), 3.76 (1 H, d, J 14.0, NCHHAr), 3.66 (1 H, d, 
J 14.0, NCHHAr), 3.63 (1 H, dd, J 11.0, 6.0, CHHO), 3.53 (1 H, dd, J 10.5, 7.5, CHHO), 2.96 (1 H, 
dd, J 9.0, 8.5, 5-HH), 2.77 (1 H, dd, J 10.0, 6.0, 2-HH), 2.63 (1 H, dd, J 10.0, 3.5, 2-HH), 2.39 (1 H, 
dd, J 9.5, 6.5, 5-HH), 2.26 – 2.18 (1 H, m, 4-H); δC 101 MHz, MeOD) 150.3 (Ar), 150.1 (Ar), 125.6 
(Ar), 74.1 (3-C), 64.0 (CH2O), 63.1 (2-C), 59.9 (NCH2Ar), 57.3 (5-C), 51.3 (4-C); [23D  +231.7 (c 1.00 
MeOH); HRMS (ESI) Found: 208.1229 (C11H16N2O2 requires 208.1212). 
6.4. AAG inhibitor biochemical assay 
6.4.1. Materials  
T4 DNA ligase was purchased from Promega (Southampton, UK). It was supplied in a storage buffer 
containing 10 mM Tris-HCl (pH 7.4), 50 mM KCl, 1 mM dithiothreitol (DTT), 0.1 mM 
ethylenediaminetetraacetic acid (EDTA) and 50% glycerol. 
Oligonucleotides HX02 and Loop01 were purchased from Integrated DNA Technologies (Leuven, 
Belgium). They were supplied lyophilised and were suspended in ultrapure (Milli-Q®) water to 1 mM, 
and subsequently diluted to 10 µM solutions in the corresponding buffer. Their sequences (5’ to 3’) are 
given below: 
HX02: [P] CAC GAA HCA ACT CAG CAA CTC C tt [Amc7T]-NH2 
Loop01: [Fluorescein] tt GGA GTT GCT GAG TTG ATT CGT GAG CAC CAA CCG GTG CT [OH] 
AAG enzyme (10,000 U/mL), in which U stands for enzyme unit, defined as the amount of enzyme 
which catalyses the conversion of 1 µmol of substrate per minute, was purchased from New England 
Biolabs (Hitchin, UK). It was supplied in a storage buffer containing 100 mM KCl, 10 mM Tris-HCl 
(pH 7.4), 0.1 mM EDTA, 1 mM DTT, 0.5% Tween® 20, 0.5% NP-40 and 50% glycerol. 
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Goat antibody to fluorescein (goat anti-fluorescein) horseradish peroxidase (1 mg/mL) was purchased 
from Abcam (Cambridge, UK). It was supplied in a storage buffer containing 0.42% potassium 
phosphate (pH 7.2), 0.87% sodium chloride, 1% BSA and 0.1% Gentamicin as a preservative. It was 
diluted 10-fold into PBST containing 1% w/v BSA and stored as single use aliquots at -20 °C. 3,3’,5,5’-
Tetramethylbenzidine (TMB) peroxidase substrate solution and peroxidase substrate buffer were 
purchased from Insight Biotechnology Ltd (Wembley, UK). 
6.4.2. Buffers 
Bicarbonate buffer was prepared by dissolving 0.18 g of NaHCO3 and 0.04 g of Na2CO3 in 50 mL 
milliQ water (pH= 9.6). 
Phosphate buffered saline 0.1% v/v Tween® 20 (PBST) was prepared by dilution of 1 mL Tween® 20 
(Sigma-Aldrich) in 1 L of ultrapure (Milli-Q®) water which contained 10 PBS tablets (Sigma-Aldrich). 
AAG glycosylase buffer was prepared by mixing 4 mL Tris 1M (pH 7.8) (Sigma-Aldrich), 20 mL KCl 
1M, 4 mL EDTA 0.25 M (pH 8) (Sigma-Aldrich), 400 µL egtazic acid (EGTA) 500 mM (Sigma-
Aldrich) and 69.6 µL of β-mercaptoethanol (Sigma-Aldrich) in 171.5 mL ultrapure (Milli-Q®) water. 
Hybridisation buffer was prepared by mixing 30 mL 20xSSC (Sigma-Aldrich), 0.1 mL Tween® 20, 1 
mL EDTA 0.5 M and 68.9 mL ultrapure (Milli-Q®) water. 
T4 ligase buffer was prepared by diluting 6 mL Tris 1 M (pH 7.8), 6 mL NaCl 1 M, 2 mL MgCl2 1 M 
in 186 mL ultrapure (Milli-Q®) water. 
DNA ligase buffer was prepared by mixing 47.424 mL T4 ligase buffer, 480 µL DTT (1 M) and 96 µL 
ATP (Sigma-Aldrich). 
Alkaline denaturation buffer was prepared by diluting 10 mL NaOH 5 M and 2.5 20xSSC in 487.5 mL 
ultrapure (Milli-Q®) water. 
6.4.3. Colorimetric assay procedure: AAG surface-bound fluorescein-linked 
hairpin loop DNA oligonucleotide substrate built from oligonucleotides HX02 
and Loop01  
Step 1: Binding of HX02 substrate oligonucleotide to well surface 
A 0.5 nM solution of oligonucleotide HX02 was prepared by diluting 10 µM HX02 into bicarbonate 
buffer. It was added to the Nunc Immobilizer Amino plate (100 µL 0.5 nM, 0.05 pmol HX02 per 
well), which was incubated overnight at 4 °C. Then, the liquid was decanted from the wells, the 
plate was washed with PBST (3 × 150 µL/well) and dried. 
Step 2: In situ hybridisation of HX02 and Loop01 
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A 0.5 nM solution of oligonucleotide Loop01 was prepared by diluting 10 µM Loop01 into 
hybridisation buffer. It was added to the plate (100 µL 0.5 nM, 0.05 pmol Loop01 per well), which 
was heated to 95 °C for 10 min. Then, it was cooled to 80 °C and kept at 80 °C for 10 min. After 
this time, it was cooled to 70 °C, 60 °C, 50 °C, 40 °C and 30 °C over 10 min ramps to promote 
annealing of the DNA strands. It was allowed to cool to RT, the liquid was decanted, the plate was 
washed with PBST (3 × 150 µL/well) and dried. 
Step 3: Ligation reaction 
A 0.04 U/100 µL solution of T4 DNA ligase was prepared by diluting 3 U/µL T4 DNA ligase into 
ligase buffer. It was added to the plate (100 µL/well), which was incubated at 37 °C for 2 h. The 
liquid was decanted and the plate was washed with PBST (3 × 150 µL/well). The final wash was 
left in the wells and the plates were frozen overnight. Then, they were warmed to RT, emptied and 
dried. 
Step 4: AAG standard preparations with BSA 
A 100 µg/mL BSA in glycosylase buffer was prepared. This solution was used to prepare increasing 
concentrations of the different inhibitors which were tested against AAG. 
A 0.8 U/100 µL stock solution of AAG was prepared by diluting 10 U/µL purchased AAG into 
AAG glycosylase buffer/BSA. Increasing concentrations of AAG (0 U/well to 0.4 U/well) were 
prepared by diluting the stock solution into AAG glycosylase buffer/BSA. 0.05 U/100 µL AAG 
was the selected concentration to test the different inhibitors. Each mixture of enzyme and inhibitor 
was allowed at least 5 min of pre-incubation time. 
Step 5: Incubation and work-up 
The different AAG (+/- inhibitor) dilutions were added to the plate (100 µL/well), which was 
incubated at 37 °C for 2 h. Then, the liquid was decanted, the plate was washed with PBST (3 × 
150 µL) and dried. Alkaline denaturation buffer was added (200 µL/well) and the plate was 
incubated at 95 °C for 15 min. Then, it was allowed to cool to RT, the liquid was decanted, the 
plate was washed with PBST (3 × 200 µL/well) and dried.  
Step 6: Colorimetric detection 
A solution of BSA in PBST (10 mL, 0.01 g/mL) was prepared. Then, 10 µL of 1:10 diluted goat 
antibody to fluorescein (goat anti-fluorescein) horseradish peroxidase was added. This solution was 
added to the plate (100 µL/well), which was incubated at RT for 1 h. Then, the liquid was decanted, 
the plate was washed with PBST (3 × 200 µL/well) and dried. A 1:1 mixture of TMB peroxidase 
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substrate solution and peroxidase substrate buffer was prepared. It was added to the plate (100 µL/well). 
Once sufficient pale blue colour had developed (time colour development 12 min) phosphoric acid 1 M 
(100 µL/well) was added, and a colour change to yellow was observed. The absorbance was read at 450 
nm using the plate reader. 
6.5. Docking conditions 
Software: Molecular Operating Environment 2015 
Forcefield: MMFF94x. Electrostatics: reaction field (eps=1:80), Nonbonded cutoff: (10, 12) 
Ligand: MDB file with a series of pyrrolidines containing pyridines pyridinones and imidazoles. 
Receptor: Human AAG DNA repair Glycosylase complexed with 1,N6-ethenoadenine-DNA (PDB: 
1F4R). 
Residues that form the active site were selected as target prior to docking start. They are Glu 125, Tyr 
127, His 136, Tyr 159, Tyr 162, Asn 169, Leu 180, Arg 182, Val 262, Ser 286. 
Placement method: Triangle matcher, scoring by London dG, 30 poses. 
Refinement method: Rigid receptor, scoring by GBVI/WSA dG, 5 poses. 
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Appendix A. Synthesis of 2-(hydroxymethyl)pyrrolidines 
A.1. (+)-(5S)-5-(Hydroxymethyl)-2-pyrrolidinone 97 
1H
CHLOROFORM-d
Frequency (MHz): 500.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0 -0.5
Chemical Shift (ppm)
0.991.001.971.051.091.160.97
7
.2
7
6
.9
7
3
.8
2
3
.8
1
3
.7
1
3
.7
0
3
.6
9
3
.6
8
3
.5
0
3
.4
8
3
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8
3
.4
6
2
.3
9
2
.3
8
2
.3
7
2
.3
6
2
.3
6
2
.3
5
2
.2
1
2
.1
8
2
.1
8
2
.0
5
1
.8
2
1
.8
0
0
.0
0
 
 
13C
Frequency (MHz): 125.76
CHLOROFORM-d
220 200 180 160 140 120 100 80 60 40 20 0 -20
Chemical Shift (ppm)
1
7
9
.1
7
7
7
.2
8
7
7
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3
7
6
.7
7
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2
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6
.2
6
3
0
.1
6
2
2
.6
4
0
.0
0
 
 180 
 
A.2. (+)-(3R,7aS)-Tetrahydro-3-phenyl-3H,5H-pyrrolo[1,2-c][1,3]oxazol-5-
one 98 
1H
CHLOROFORM-d
Frequency (MHz): 300.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
1.151.231.151.111.101.091.101.003.242.13
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9
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.6
0
2
.5
8
2
.5
6
2
.5
4
2
.5
1
2
.3
9
1
.9
8
1
.9
6
1
.9
5
1
.8
9
1
.5
9
0
.0
0
 
 
13C
Frequency (MHz): 125.76
CHLOROFORM-d
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)
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A.3. 1-benzylpyrrolidin-(3-2H1)-2-one 247 
1H
Frequency (MHz): 500.13
CHLOROFORM-d
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
2.001.111.991.985.28
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2
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1
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A.4. 1-benzyl-3-(phenylsulfanyl)pyrrolidin-2-one 250 
1H
CHLOROFORM-d
Frequency (MHz): 500.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
1.101.071.021.040.991.031.041.965.741.96
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.9
2
3
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13C
Frequency (MHz): 125.76
CHLOROFORM-d
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)
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3
5
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A.5. (3R,7aS)-3-phenyl-6-(phenylsulfanyl)tetrahydro-3H,5H-pyrrolo[1,2-
c][1,3]oxazol-5-one 251 
1H
CHLOROFORM-d
Frequency (MHz): 500.13
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
1.001.000.990.990.950.950.825.231.751.71
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13C
Frequency (MHz): 125.76
CHLOROFORM-d
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)
1
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5
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A.6. 1-benzyl-3-(phenylsulfinyl)pyrrolidin-2-one 249 
1H
CHLOROFORM-d
Frequency (MHz): 300.13
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
2.051.060.991.000.991.001.914.095.15
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4
.2
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4
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4
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3
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2
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2
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2
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1
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.0
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A.7. (3R,7aS)-3-phenyl-1,7a-dihydro-3H,5H-pyrrolo[1,2-c][1,3]oxazol-5-one 
66 
1H
CHLOROFORM-d
Frequency (MHz): 300.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
1.041.111.041.001.000.970.990.915.67
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.5
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7
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7
7
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4
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4
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7
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6
6
.3
4
4
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4
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4
4
.2
4
4
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2
4
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7
4
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5
4
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3
3
.5
2
3
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3
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7
2
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5
2
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2
2
.7
9
2
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6
2
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1
2
.6
0
2
.5
8
2
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6
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4
2
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1
2
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9
1
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8
1
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6
1
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5
1
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9
0
.0
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13C
Frequency (MHz): 125.76
CHLOROFORM-d
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)
1
7
8
.0
9
1
3
8
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1
1
2
8
.5
4
1
2
8
.4
3
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2
5
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2
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9
7
7
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7
7
.0
4
7
6
.7
8
7
1
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6
5
8
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9
3
3
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3
2
3
.1
0
0
.0
0
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A.8. (1aR,1bR,4R,6aR)-4-phenyltetrahydro-4H,6H-oxireno[3,4]pyrrolo[1,2-
c][1,3]oxazol-6-one 67 
1H
CHLOROFORM-d
Frequency (MHz): 500.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0 -0.5
Chemical Shift (ppm)
1.000.940.982.040.935.01
7
.3
9
7
.3
8
7
.3
7
7
.3
6
7
.3
4
7
.3
4
7
.3
3
7
.3
2
7
.2
6
6
.3
4
4
.2
6
4
.2
5
4
.2
3
4
.2
2
4
.2
0
4
.1
9
4
.0
6
4
.0
5
3
.8
1
3
.8
0
3
.5
7
3
.5
6
3
.5
4
0
.0
0
 
 
13C
Frequency (MHz): 125.76
CHLOROFORM-d
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)
1
7
4
.3
8
1
3
8
.0
4
1
2
8
.7
2
1
2
8
.4
8
1
2
5
.8
2
8
7
.9
0
7
7
.2
5
7
7
.0
0
7
6
.7
5
6
5
.5
8
5
9
.6
1
5
6
.8
8
5
3
.2
8
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A.9. (3R,7S,7aR)-7-hydroxy-3-phenyltetrahydro-3H,5H-pyrrolo[1,2-
c][1,3]oxazol-5-one 68 
1H
CHLOROFORM-d
Frequency (MHz): 400.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0 -0.5
Chemical Shift (ppm)
1.052.151.091.081.111.071.005.29
7
.4
4
7
.4
4
7
.4
2
7
.4
2
7
.3
9
7
.3
7
7
.3
5
7
.3
5
7
.2
6
6
.3
7
4
.4
8
4
.4
6
4
.4
5
4
.2
7
4
.2
5
4
.2
5
4
.2
3
4
.0
3
4
.0
1
4
.0
1
3
.7
0
3
.6
8
3
.6
7
3
.6
6
2
.9
3
2
.9
1
2
.8
9
2
.8
7
2
.8
7
2
.8
5
2
.1
6
2
.1
5
0
.0
0
 
 
13C
Frequency (MHz): 125.76
CHLOROFORM-d
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)
1
7
5
.9
8
1
3
7
.8
9
1
2
8
.7
1
1
2
8
.4
8
1
2
5
.9
1
8
7
.3
2
7
7
.2
6
7
7
.0
0
7
6
.7
5
7
0
.8
1
6
9
.3
0
6
6
.9
5
4
3
.3
3
-0
.0
4
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A.10. tert-butyl (3R,4R)-3-[(tert-butoxycarbonyl)oxy]-4-{[(tert-
butoxycarbonyl)oxy]methyl}pyrrolidine-1-carboxylate 270 
 
1H
CHLOROFORM-d
Frequency (MHz): 500.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
6.199.571.011.021.020.991.021.000.944.93
7
.4
3
7
.4
3
7
.4
2
7
.4
2
7
.4
1
7
.3
6
7
.3
6
7
.3
5
6
.3
7
4
.3
7
4
.3
7
4
.3
6
4
.2
2
4
.2
0
4
.2
0
4
.1
9
3
.9
9
3
.9
8
3
.7
1
3
.7
0
3
.6
9
3
.6
8
2
.8
6
2
.8
3
2
.8
1
2
.7
9
2
.7
7
2
.7
6
2
.7
4
0
.8
8
0
.0
8
0
.0
7
0
.0
0
4.5 4.0 3.5 3.0 2.5
Chemical Shift (ppm)
1.011.021.020.991.021.00
4
.3
7
4
.3
7
4
.3
6
4
.3
5
4
.3
4
4
.2
2
4
.2
0
4
.2
0
4
.1
9
4
.0
0
3
.9
9
3
.9
9
3
.9
8
3
.9
8
3
.9
7
3
.7
1
3
.7
0
3
.6
9
3
.6
8
2
.8
6
2
.8
4
2
.8
3
2
.8
1
2
.7
9
2
.7
7
2
.7
6
2
.7
4
 
  
13C
CHLOROFORM-d
Frequency (MHz): 125.76
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)
1
7
5
.3
0
1
3
8
.0
3
1
2
8
.5
8
1
2
8
.4
3
1
2
5
.9
9
8
7
.1
7
7
7
.2
5
7
7
.0
0
7
6
.7
5
7
2
.6
7
6
9
.6
2
6
7
.1
6
4
3
.9
9
2
5
.6
2
1
7
.8
9
-4
.7
5
-4
.9
3
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A.11. (3R,7S,7aR)-7-(benzyloxy)-3-phenyltetrahydro-3H,5H-pyrrolo[1,2-
c][1,3]oxazol-5-one 271 
 
1H
CHLOROFORM-d
Frequency (MHz): 400.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
2.101.073.361.041.051.0011.25
7
.4
0
7
.3
8
7
.3
6
7
.3
6
7
.3
5
7
.3
4
7
.3
4
7
.3
2
6
.3
4
4
.5
8
4
.5
5
4
.5
0
4
.4
7
4
.1
6
4
.1
4
4
.1
3
4
.1
2
4
.1
1
4
.1
0
4
.0
9
3
.6
0
3
.5
8
3
.5
8
3
.5
6
2
.9
2
2
.9
0
2
.8
9
2
.8
7
2
.8
4
 
 
13C
CHLOROFORM-d
Frequency (MHz): 100.61
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)
1
7
5
.0
6
1
3
8
.0
3
1
3
6
.9
0
1
2
8
.6
7
1
2
8
.4
6
1
2
8
.2
7
1
2
7
.8
2
1
2
5
.9
6
8
7
.1
0
7
7
.6
9
7
7
.3
2
7
7
.2
0
7
7
.0
0
7
6
.6
8
7
2
.0
5
6
9
.7
7
6
5
.0
6
4
1
.1
2
-0
.0
2
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A.12. 1-benzyl-2-phenylpyrrolidine 287 
1H
Frequency (MHz): 400.13
CHLOROFORM-d
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
2.070.972.011.001.000.980.9811.17
7
.4
8
7
.4
6
7
.3
6
7
.3
4
7
.3
2
7
.2
9
7
.2
8
7
.2
5
7
.2
5
7
.2
0
3
.8
6
3
.8
3
3
.3
8
3
.3
6
3
.3
4
3
.1
1
3
.1
0
3
.0
9
3
.0
7
3
.0
7
3
.0
4
3
.0
1
2
.2
1
2
.1
9
2
.1
9
2
.1
7
1
.7
7
1
.7
7
1
.7
6
1
.7
4
1
.7
2
1
.7
0
0
.0
0
 
 
13C
Frequency (MHz): 100.61
CHLOROFORM-d
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)
1
4
3
.9
3
1
3
9
.7
9
1
2
8
.6
5
1
2
8
.4
0
1
2
8
.0
6
1
2
7
.5
4
1
2
6
.9
5
1
2
6
.6
3
7
7
.3
2
7
7
.0
0
7
6
.6
8
6
9
.6
1
5
8
.1
2
5
3
.3
3
3
5
.2
4
2
2
.3
4
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A.13. (2R,3S)-1-benzyl-2-(hydroxymethyl)pyrrolidin-3-ol 311 
1H
CHLOROFORM-d
Frequency (MHz): 500.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
1.481.172.011.000.971.700.960.895.97
0
.0
0
1
.6
8
1
.6
9
1
.7
0
1
.7
0
1
.7
1
1
.9
6
2
.0
4
2
.5
9
2
.6
1
2
.6
1
2
.6
2
2
.6
2
2
.6
3
2
.6
4
2
.9
4
2
.9
5
2
.9
6
3
.4
8
3
.5
1
3
.6
2
3
.6
3
3
.6
3
3
.9
4
3
.9
6
4
.3
2
4
.3
2
4
.3
3
7
.2
8
7
.2
8
7
.2
9
7
.3
0
7
.3
0
7
.3
1
7
.3
2
7
.3
2
 
 
13C
Frequency (MHz): 125.76
CHLOROFORM-d
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)
1
3
8
.8
8
1
2
8
.7
1
1
2
8
.4
2
1
2
7
.2
3
7
7
.2
8
7
7
.0
2
7
6
.7
7
7
5
.3
2
7
3
.5
0
6
0
.5
8
5
8
.7
1
5
1
.9
8
3
4
.0
7
0
.0
0
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Appendix B. Synthesis of 4-(hydroxymethyl)pyrrolidines 
B.1. Ethyl N-(2-ethoxy-2-oxoethyl)-β-alaninate 327  
1H
CHLOROFORM-d
Frequency (MHz): 300.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0 -0.5
Chemical Shift (ppm)
3.091.011.001.002.02
7
.2
7
4
.2
3
4
.2
0
4
.1
9
4
.1
8
4
.1
6
4
.1
6
4
.1
4
4
.1
2
3
.4
1
2
.9
3
2
.9
0
2
.8
8
2
.5
3
2
.5
1
2
.4
8
2
.0
4
1
.8
2
1
.3
0
1
.2
9
1
.2
8
1
.2
6
1
.2
5
1
.2
4
0
.0
0
 
 
13C
Frequency (MHz): 75.47
CHLOROFORM-d
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)
1
7
2
.4
0
1
7
2
.2
3
7
7
.4
2
7
7
.0
0
7
6
.5
8
6
0
.7
3
6
0
.4
5
5
0
.8
9
4
4
.7
8
3
4
.9
0
1
4
.1
8
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B.2. Ethyl N-benzyl-N-(2-ethoxy-2-oxoethyl)-β-alaninate 102 
 
1H
CHLOROFORM-d
Frequency (MHz): 500.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
6.232.002.002.012.024.025.56
7
.3
1
7
.3
0
7
.3
0
7
.2
8
7
.2
6
7
.2
5
7
.2
5
7
.2
4
4
.1
7
4
.1
6
4
.1
5
4
.1
4
4
.1
4
4
.1
3
4
.1
2
4
.1
1
3
.8
2
3
.3
3
3
.3
2
3
.0
7
3
.0
5
3
.0
4
2
.5
1
2
.4
9
2
.4
8
1
.2
8
1
.2
6
1
.2
6
1
.2
5
1
.2
4
1
.2
3
  
 
13C
Frequency (MHz): 125.76
CHLOROFORM-d
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)
1
7
2
.4
5
1
7
1
.3
1
1
3
8
.8
1
1
2
8
.8
3
1
2
8
.2
7
1
2
7
.1
4
7
7
.2
5
7
7
.0
0
7
6
.7
5
6
0
.3
5
6
0
.2
3
5
7
.7
8
5
3
.9
1
4
9
.7
0
3
3
.5
8
1
4
.2
7
1
4
.2
0
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B.3. Ethyl 1-benzyl-4-oxopyrrolidine-3-carboxylate 103 
1H
CHLOROFORM-d
Frequency (MHz): 400.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
2.990.991.001.010.990.960.981.131.945.99
7
.3
4
7
.3
4
7
.3
3
7
.3
2
7
.3
1
7
.3
0
7
.3
0
7
.2
6
4
.2
4
4
.2
2
4
.2
2
4
.2
0
4
.1
9
3
.7
5
3
.7
4
3
.4
6
3
.4
4
3
.3
8
3
.3
5
3
.3
0
3
.2
5
3
.1
1
3
.0
9
3
.0
7
2
.9
3
2
.8
9
1
.3
1
1
.2
9
1
.2
7
3.5 3.4 3.3 3.2 3.1 3.0 2.9 2.8
Chemical Shift (ppm)
0.991.001.010.990.96
3
.4
8
3
.4
6
3
.4
4
3
.3
8
3
.3
5
3
.3
3
3
.3
0
3
.2
5
3
.1
1
3
.0
9
3
.0
7
2
.9
3
2
.8
9
 
 
13C
CHLOROFORM-d
Frequency (MHz): 100.61
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)
2
0
6
.4
9
1
6
7
.3
9
1
3
7
.0
7
1
2
8
.7
1
1
2
8
.5
0
1
2
7
.5
3
7
7
.3
2
7
7
.2
0
7
7
.0
0
7
6
.6
8
6
1
.6
7
6
1
.1
1
6
0
.1
8
5
4
.6
3
5
4
.1
3
1
4
.1
4
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B.4. 1-benzyl-4-hydroxy-1H-pyrrole-3-carboxylate 339 
1H
CHLOROFORM-d
Frequency (MHz): 500.13
9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)
3.000.362.001.820.920.941.860.612.25
7
.3
1
7
.3
0
7
.2
8
7
.2
4
7
.2
3
7
.0
4
7
.0
2
6
.6
7
6
.6
6
5
.8
3
5
.8
3
5
.3
0
4
.2
8
4
.2
6
4
.2
5
4
.2
3
1
.5
5
1
.2
3
1
.2
2
1
.2
0
0
.0
0
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B.5. Ethyl rel-(3R,4R)-1-benzyl-4-hydroxypyrrolidine-3-carboxylate (±)-356  
 
1H
CHLOROFORM-d
Frequency (MHz): 400.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
3.231.000.960.840.921.012.302.041.006.62
7
.3
3
7
.3
2
7
.2
8
7
.2
7
7
.2
6
7
.2
5
4
.5
3
4
.5
1
4
.2
2
4
.2
1
4
.1
9
4
.1
7
3
.7
3
3
.7
0
3
.6
8
3
.6
5
3
.1
5
3
.1
3
3
.1
3
3
.0
7
3
.0
5
2
.8
8
2
.8
7
2
.7
7
2
.7
5
2
.6
6
2
.6
5
1
.3
0
1
.2
8
1
.2
7
3.2 3.1 3.0 2.9 2.8 2.7 2.6
Chemical Shift (ppm)
1.000.960.840.921.01
3
.1
7
3
.1
5
3
.1
3
3
.1
3
3
.1
1
3
.0
7
3
.0
5
3
.0
3
2
.9
1
2
.8
9
2
.8
8
2
.8
7
2
.7
7
2
.7
5
2
.7
3
2
.6
6
2
.6
5
2
.6
3
2
.6
3
 
13C
CHLOROFORM-d
Frequency (MHz): 100.61
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)
1
7
2
.0
5
1
3
8
.5
1
1
2
8
.6
8
1
2
8
.3
2
1
2
7
.1
1
7
7
.3
2
7
7
.2
0
7
7
.0
0
7
6
.6
8
7
1
.6
9
6
1
.7
4
6
0
.8
7
5
9
.8
3
5
3
.5
0
4
8
.7
9
1
4
.2
1
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B.6. Ethyl rel-(3R,4S)-1-benzyl-4-hydroxypyrrolidine-3-carboxylate (±)-175  
1H
CHLOROFORM-d
Frequency (MHz): 400.13
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
3.650.421.061.091.061.051.082.062.241.006.73
7
.3
2
7
.3
1
7
.2
7
7
.2
6
7
.2
5
4
.5
2
4
.5
1
4
.5
1
4
.5
0
4
.4
9
4
.1
8
4
.1
7
4
.1
5
4
.1
3
3
.6
3
3
.1
4
3
.1
2
3
.0
9
2
.9
4
2
.7
5
2
.7
4
2
.6
6
2
.6
5
2
.5
6
2
.5
4
2
.5
4
2
.5
2
2
.3
2
1
.2
8
1
.2
6
1
.2
4
3.2 3.1 3.0 2.9 2.8 2.7 2.6 2.5 2.4 2.3
Chemical Shift (ppm)
0.421.061.091.061.051.08
3
.1
4
3
.1
2
3
.0
9
2
.9
7
2
.9
6
2
.9
5
2
.9
4
2
.9
3
2
.9
2
2
.7
7
2
.7
7
2
.7
5
2
.7
4
2
.6
6
2
.6
5
2
.6
3
2
.6
2
2
.5
6
2
.5
4
2
.5
4
2
.5
2
2
.3
2
 
 
13C
CHLOROFORM-d
Frequency (MHz): 100.61
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)
1
7
3
.2
2
1
3
8
.3
4
1
2
8
.7
0
1
2
8
.3
1
1
2
7
.1
4
7
7
.3
2
7
7
.2
0
7
7
.0
0
7
6
.6
8
7
4
.2
9
6
1
.7
7
6
0
.8
7
5
9
.6
2
5
5
.1
6
5
3
.0
6
1
4
.2
0
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B.7. Ethyl (3R,4S)-4-(acetyloxy)-1-benzylpyrrolidine-3-carboxylate (-)-176 
1H
CHLOROFORM-d
Frequency (MHz): 400.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
3.143.001.011.021.011.001.021.031.042.061.006.21
7
.3
2
7
.3
1
7
.2
6
5
.4
1
5
.4
0
5
.3
9
5
.3
9
5
.3
8
4
.1
9
4
.1
8
4
.1
6
4
.1
4
3
.6
7
3
.6
3
3
.6
1
3
.5
8
3
.1
8
3
.1
6
3
.1
4
3
.0
6
3
.0
6
2
.8
1
2
.8
1
2
.7
9
2
.7
7
2
.5
2
2
.5
0
2
.4
7
2
.0
5
1
.2
7
1
.2
6
1
.2
4
3.2 3.1 3.0 2.9 2.8 2.7 2.6 2.5
Chemical Shift (ppm)
1.011.021.011.001.02
3
.1
8
3
.1
6
3
.1
4
3
.0
8
3
.0
8
3
.0
6
3
.0
6
3
.0
4
3
.0
4
2
.8
4
2
.8
3
2
.8
1
2
.8
1
2
.7
9
2
.7
7
2
.7
6
2
.7
4
2
.5
2
2
.5
0
2
.4
9
2
.4
7
 
13C
CHLOROFORM-d
Frequency (MHz): 100.61
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)
1
7
2
.3
8
1
7
0
.6
6
1
3
7
.9
7
1
2
8
.7
7
1
2
8
.3
3
1
2
7
.2
0
7
7
.3
2
7
7
.2
0
7
7
.0
0
7
6
.6
8
7
6
.0
7
6
1
.0
4
5
9
.6
7
5
9
.5
8
5
6
.0
4
5
0
.1
6
2
1
.0
5
1
4
.1
4
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B.8. Ethyl (3S,4R)-1-benzyl-4-hydroxypyrrolidine-3-carboxylate (+)-175 
 
1H
CHLOROFORM-d
Frequency (MHz): 400.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
3.240.221.001.001.000.991.001.041.002.060.985.16
7
.3
3
7
.3
2
7
.2
6
4
.5
2
4
.5
1
4
.5
0
4
.5
0
4
.1
9
4
.1
7
4
.1
5
4
.1
3
3
.6
7
3
.6
6
3
.1
6
3
.1
3
2
.9
7
2
.8
1
2
.7
9
2
.7
9
2
.6
8
2
.6
6
2
.6
0
2
.5
8
2
.5
7
2
.5
5
2
.0
7
1
.2
8
1
.2
6
1
.2
4
0
.0
0
3.2 3.1 3.0 2.9 2.8 2.7 2.6 2.5
Chemical Shift (ppm)
1.001.001.000.991.00
3
.1
8
3
.1
6
3
.1
3
2
.9
9
2
.9
9
2
.9
8
2
.9
7
2
.9
5
2
.9
5
2
.8
2
2
.8
1
2
.7
9
2
.7
9
2
.6
8
2
.6
6
2
.6
5
2
.6
4
2
.6
0
2
.5
8
2
.5
7
2
.5
5
  
 
13C
CHLOROFORM-d
Frequency (MHz): 100.61
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)
1
7
3
.2
1
1
3
8
.3
3
1
2
8
.7
0
1
2
8
.3
1
1
2
7
.1
4
7
7
.3
2
7
7
.2
0
7
7
.0
0
7
6
.6
8
7
4
.2
9
6
1
.7
6
6
0
.8
7
5
9
.6
2
5
5
.1
6
5
3
.0
5
1
4
.2
0
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B.9. (3R,4R)-1-Benzyl-4-(hydroxymethyl)pyrrolidin-3-ol (+)-177 
 
1H
METHANOL-d4
Frequency (MHz): 400.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0 -0.5
Chemical Shift (ppm)
1.021.011.001.001.001.061.102.071.005.40
7
.3
5
7
.3
3
7
.3
1
7
.3
1
7
.3
1
7
.2
9
7
.2
9
7
.2
7
4
.0
1
3
.9
8
3
.6
8
3
.6
5
3
.6
4
3
.6
2
3
.6
1
3
.5
8
3
.5
5
3
.5
3
3
.5
1
3
.3
1
2
.9
0
2
.7
2
2
.7
1
2
.5
9
2
.5
8
2
.3
7
2
.3
6
2
.3
3
2
.1
8
4.0 3.5 3.0 2.5
Chemical Shift (ppm)
1.021.011.001.001.001.061.102.071.00
4
.0
1
4
.0
0
3
.9
9
3
.6
8
3
.6
5
3
.6
4
3
.6
2
3
.6
1
3
.5
8
3
.5
5
3
.5
3
3
.5
1
3
.5
0
3
.4
8
3
.3
1
2
.9
3
2
.9
1
2
.9
0
2
.8
8
2
.7
5
2
.7
3
2
.7
2
2
.7
1
2
.5
9
2
.5
8
2
.5
6
2
.5
5
2
.3
7
2
.3
6
2
.3
5
2
.3
3
2
.1
9
2
.1
8
 
13C
CHLOROFORM-d
Frequency (MHz): 100.61
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)
1
3
7
.7
9
1
2
8
.8
7
1
2
8
.3
8
1
2
7
.3
0
7
7
.3
2
7
7
.0
0
7
6
.6
8
7
4
.2
0
6
4
.5
5
6
2
.3
3
6
0
.0
5
5
5
.8
8
4
9
.9
7
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B.10. tert-Butyl (3R,4R)-3-hydroxy-4-(hydroxymethyl)pyrrolidine-1-
carboxylate (+)-182 
1H
CHLOROFORM-d
Frequency (MHz): 500.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
9.731.000.250.300.321.310.974.071.00
7
.2
7
4
.2
7
4
.2
6
3
.7
1
3
.7
0
3
.6
8
3
.6
6
3
.6
4
3
.6
2
3
.6
0
3
.5
8
3
.2
6
3
.2
4
3
.1
2
3
.1
0
2
.9
4
2
.6
9
2
.5
1
2
.3
3
2
.3
1
2
.1
7
1
.5
8
1
.4
9
1
.4
8
1
.4
5
1
.3
2
1
.2
6
0
.0
7
0
.0
1
0
.0
0
-0
.0
1
3.5 3.0 2.5
Chemical Shift (ppm)
1.000.250.300.321.310.974.07
3
.7
1
3
.7
0
3
.6
8
3
.6
7
3
.6
6
3
.6
4
3
.6
2
3
.6
0
3
.5
8
3
.2
6
3
.2
4
3
.2
1
3
.2
1
3
.1
4
3
.1
2
3
.1
0
2
.9
4
2
.6
9
2
.5
1
2
.3
3
2
.3
1
 
 
13C
CHLOROFORM-d
Frequency (MHz): 125.76
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)
-0
.0
3
1
4
.1
7
2
8
.4
7
4
6
.0
1
4
6
.5
6
4
7
.5
8
4
8
.1
6
5
2
.3
0
5
2
.6
5
6
0
.4
1
6
2
.9
8
7
2
.3
2
7
3
.1
5
7
6
.7
5
7
7
.0
0
7
7
.2
5
7
9
.7
2
1
5
4
.7
2
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B.11. tert-butyl (3R,4R)-3-[(tert-butoxycarbonyl)oxy]-4-pyrrolidine-1-
carboxylate (+)-368 
1H
CHLOROFORM-d
Frequency (MHz): 400.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
9.4818.111.021.041.041.041.012.001.00
7
.2
7
4
.8
9
4
.8
9
4
.8
8
4
.8
7
4
.8
6
3
.9
5
3
.9
4
3
.9
3
3
.9
2
3
.6
2
3
.6
0
3
.5
9
3
.5
2
3
.5
1
3
.5
0
3
.3
4
3
.2
5
3
.1
9
2
.5
7
2
.5
6
2
.5
6
1
.3
9
1
.3
7
1
.3
6
3.5 3.0 2.5
Chemical Shift (ppm)
1.021.041.041.041.01
3
.6
3
3
.6
2
3
.6
0
3
.5
9
3
.5
4
3
.5
2
3
.5
1
3
.5
0
3
.4
2
3
.3
8
3
.3
4
3
.3
1
3
.2
5
3
.2
2
3
.2
2
3
.1
9
3
.1
6
2
.5
7
2
.5
6
2
.5
6
 
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)
1
5
3
.9
3
1
5
3
.0
2
1
5
2
.4
0
8
2
.5
5
8
2
.2
1
7
9
.4
5
7
7
.0
0
7
5
.8
5
6
5
.3
5
6
5
.2
7
5
0
.3
1
5
0
.0
7
4
6
.4
0
4
5
.8
8
4
3
.1
3
4
2
.2
4
2
8
.2
2
2
7
.4
8
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B.12. (3R,4R)-4-(Hydroxymethyl)pyrrolidin-3-ol hydrochloride (+)-59 
1H
DEUTERIUM OXIDE
Frequency (MHz): 400.13
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
0.981.000.991.003.050.97
4
.7
5
4
.3
9
3
.6
4
3
.6
2
3
.5
9
3
.5
8
3
.5
7
3
.4
1
3
.4
0
3
.2
6
3
.2
3
3
.1
7
3
.1
6
3
.1
3
2
.4
5
 
 
13C
DEUTERIUM OXIDE
Frequency (MHz): 100.61
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)
7
1
.3
6
6
0
.3
7
5
1
.6
1
4
7
.4
0
4
6
.0
8
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B.13. (3R,4R)-4-(hydroxymethyl)-1-[(1H-imidazol-2-yl)methyl]pyrrolidin-3-
ol (+)-394 
1H
METHANOL-d4
Frequency (MHz): 400.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
1.031.021.001.001.001.001.040.950.991.022.00
7
.0
2
4
.0
5
4
.0
4
3
.7
7
3
.7
6
3
.6
2
3
.6
1
3
.6
0
3
.5
8
3
.5
4
3
.5
2
3
.5
1
3
.3
5
3
.0
1
2
.9
9
2
.7
6
2
.7
5
2
.6
9
2
.6
9
2
.3
8
2
.3
8
2
.2
2
2
.1
7
1
.9
3
 
13C
METHANOL-d4
Frequency (MHz): 100.61
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)
1
4
6
.2
8
1
2
2
.8
2
7
4
.2
9
6
3
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8
5
7
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9
5
1
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6
4
9
.7
9
4
9
.5
7
4
9
.3
6
4
9
.1
5
4
8
.9
4
4
8
.7
3
4
8
.5
1
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B.14. (3R,4R)-4-(hydroxymethyl)-1-[(1H-imidazol-4-yl)methyl]pyrrolidin-3-
ol (+)-395  
1H
METHANOL-d4
Frequency (MHz): 400.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
0.961.000.940.920.970.973.031.041.031.06
7
.6
1
7
.6
1
6
.9
7
3
.9
9
3
.9
9
3
.9
8
3
.6
6
3
.6
3
3
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2
3
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1
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9
3
.5
9
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2
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7
2
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2
13C
METHANOL-d4
Frequency (MHz): 100.61
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)
1
3
6
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1
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B.15. (3R,4R)-4-(hydroxymethyl)-1-[(pyridin-2-yl)methyl]pyrrolidin-3-ol (+)-
391  
1H
DEUTERIUM OXIDE
Frequency (MHz): 400.13
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
1.001.050.971.071.030.982.081.010.960.970.961.88
8
.4
0
8
.4
0
8
.3
9
7
.7
8
7
.7
6
7
.4
0
7
.3
9
7
.3
8
7
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7
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.0
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.0
1
3
.6
9
3
.6
6
3
.5
9
3
.5
8
3
.5
7
3
.5
5
3
.5
1
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9
2
.9
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.7
5
2
.7
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2
.7
2
2
.5
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2
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2
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0
2
.2
8
2
.2
5
2
.1
3
 
13C
DEUTERIUM OXIDE
Frequency (MHz): 100.61
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)
1
4
9
.3
1
1
4
7
.7
6
1
3
8
.5
8
1
3
3
.0
6
1
2
4
.1
2
7
2
.4
4
6
2
.4
2
6
0
.5
4
5
6
.5
5
5
5
.1
6
4
8
.5
2
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B.16. (3R,4R)-4-(hydroxymethyl)-1-[(pyridin-3-yl)methyl]pyrrolidin-3-ol (+)-
392  
1H
METHANOL-d4
Frequency (MHz): 400.13
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
0.980.950.970.990.931.001.080.950.990.971.041.021.000.95
8
.5
5
8
.5
4
7
.8
7
7
.8
5
7
.8
4
7
.5
3
7
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1
7
.3
8
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.0
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3
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0
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2
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0
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0
 
13C
METHANOL-d4
Frequency (MHz): 100.61
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)
1
5
7
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3
1
5
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1
3
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1
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B.17. (3R,4R)-4-(hydroxymethyl)-1-[(pyridin-4-yl)methyl]pyrrolidin-3-ol (+)-
393   
1H
METHANOL-d4
Frequency (MHz): 400.13
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
1.011.000.981.000.971.022.080.990.981.951.95
8
.4
8
8
.4
7
7
.4
7
7
.4
5
4
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7
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5
4
.0
4
3
.7
5
3
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4
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3
3
.6
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3
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3
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1
3
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1
3
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1
2
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2
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2
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2
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7
2
.2
2
2
.1
9
 
13C
METHANOL-d4
Frequency (MHz): 100.61
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)
1
5
0
.3
2
1
5
0
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5
1
2
5
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6
7
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.1
1
6
3
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6
6
3
.1
3
5
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9
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7
.3
2
5
1
.2
6
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Appendix C. Biochemical assay 
C.1. Biochemical assay 1 
C.1.1. AAG standard curves 
0 .0 0 .1 0 .2 0 .3 0 .4
0 .0
0 .5
1 .0
[A A G ] (U  / 1 0 0  µ L )
A
b
s
o
r
b
a
n
c
e
(p
r
o
c
e
d
u
r
e
 d
e
fi
n
e
d
 u
n
it
)
P la te  1
P la te  2
 
C.1.2. Dose-response curve positive control εC-containing oligonucleotide 
1 1 0 1 0 0
-1 0 0
-5 0
0
5 0
1 0 0
[e th e n o C  o lig o ]  (n M )
%
 i
n
h
ib
it
io
n
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C.1.3. Dose-response curves inhibitor candidates 
1 0 1 0 0 1 0 0 0
-8 0
-6 0
-4 0
-2 0
0
[2 -im id ] (µ M )
%
 i
n
h
ib
it
io
n
 
1 0 0 1 0 0 0
-1 0 0
-5 0
0
5 0
1 0 0
[4 -im id ] (µ M )%
 i
n
h
ib
it
io
n
 
1 0 1 0 0 1 0 0 0
-6 0
-4 0
-2 0
0
[2 -p y r] (µ M )
%
 i
n
h
ib
it
io
n
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1 0 1 0 0 1 0 0 0
-6 0
-4 0
-2 0
0
[3 -p y r] (µ M )
%
 i
n
h
ib
it
io
n
 
1 0 0 1 0 0 0
-1 5 0
-1 0 0
-5 0
0
5 0
1 0 0
[4 -p y r] (µ M )
%
 i
n
h
ib
it
io
n
 
C.1.4. % Inhibition comparison of the different inhibitor candidates analysed 
2
- i
m
id
4
- i
m
id
2
-p
y
r
3
-p
y
r
4
-p
y
r
-6 0
-4 0
-2 0
0
In h ib ito r  c a n d id a te
%
 i
n
h
ib
it
io
n
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2
- i
m
id
4
- i
m
id
2
-p
y
r
3
-p
y
r
4
-p
y
r
-6 0
-4 0
-2 0
0
2 0
In h ib ito r  c a n d id a te
%
 i
n
h
ib
it
io
n
 
2
- i
m
id
4
- i
m
id
2
-p
y
r
3
-p
y
r
4
-p
y
r
-1 0 0
-5 0
0
5 0
In h ib ito r  c a n d id a te
%
 i
n
h
ib
it
io
n
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2
- i
m
id
4
- i
m
id
2
-p
y
r
3
-p
y
r
4
-p
y
r
-5 0
0
5 0
1 0 0
In h ib ito r  c a n d id a te
%
 i
n
h
ib
it
io
n
 
2
- i
m
id
4
- i
m
id
2
-p
y
r
3
-p
y
r
4
-p
y
r
-5 0
0
5 0
1 0 0
In h ib ito r  c a n d id a te
%
 i
n
h
ib
it
io
n
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C.2. Biochemical assay 2 
C.2.1. AAG standard curve 
0 .0 0 .1 0 .2 0 .3 0 .4
0 .0
0 .2
0 .4
0 .6
0 .8
1 .0
[A A G ] (U  / 100 µ L )
A
b
s
o
r
b
a
n
c
e
(p
r
o
c
e
d
u
r
e
 d
e
fi
n
e
d
 u
n
it
)
 
C.2.2. Dose-response curve positive control εC-containing oligonucleotide 
1 1 0 1 0 0
-5 0
0
5 0
1 0 0
1 5 0
[e th e n o C  o lig o ]  (n M )
%
 i
n
h
ib
it
io
n
 
C.2.3. Dose-response curve positive control morin 
1 1 0 1 0 0
-5 0
0
5 0
1 0 0
1 5 0
[M o r in ]  (µ M )
%
 i
n
h
ib
it
io
n
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C.2.4. Dose-response curve 4-imidazole inhibitor candidate  
1 0 0 1 0 0 0
-5 0
0
5 0
1 0 0
1 5 0
[4 -im id ] (µ M )
%
 i
n
h
ib
it
io
n
 
Synthesis of 2-(hydroxymethyl)pyrrolidines 
A.3. (+)-(5S)-5-(Hydroxymethyl)-2-pyrrolidinone 97 
1H
CHLOROFORM-d
Frequency (MHz): 500.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0 -0.5
Chemical Shift (ppm)
0.991.001.971.051.091.160.97
7
.2
7
6
.9
7
3
.8
2
3
.8
1
3
.7
1
3
.7
0
3
.6
9
3
.6
8
3
.5
0
3
.4
8
3
.4
8
3
.4
6
2
.3
9
2
.3
8
2
.3
7
2
.3
6
2
.3
6
2
.3
5
2
.2
1
2
.1
8
2
.1
8
2
.0
5
1
.8
2
1
.8
0
0
.0
0
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13C
Frequency (MHz): 125.76
CHLOROFORM-d
220 200 180 160 140 120 100 80 60 40 20 0 -20
Chemical Shift (ppm)
1
7
9
.1
7
7
7
.2
8
7
7
.0
3
7
6
.7
7
6
6
.0
2
5
6
.2
6
3
0
.1
6
2
2
.6
4
0
.0
0
 
A.4. (+)-(3R,7aS)-Tetrahydro-3-phenyl-3H,5H-pyrrolo[1,2-c][1,3]oxazol-5-
one 98 
1H
CHLOROFORM-d
Frequency (MHz): 300.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
1.151.231.151.111.101.091.101.003.242.13
7
.4
7
7
.4
6
7
.4
4
7
.4
4
7
.4
4
7
.3
6
7
.3
4
7
.3
4
7
.2
6
6
.3
4
4
.2
6
4
.2
4
4
.2
4
4
.2
2
4
.1
7
4
.1
5
4
.1
3
3
.5
2
3
.4
9
3
.4
7
2
.8
5
2
.8
2
2
.7
9
2
.7
6
2
.6
1
2
.6
0
2
.5
8
2
.5
6
2
.5
4
2
.5
1
2
.3
9
1
.9
8
1
.9
6
1
.9
5
1
.8
9
1
.5
9
0
.0
0
 
 
 217 
 
13C
Frequency (MHz): 125.76
CHLOROFORM-d
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)
1
7
8
.0
5
1
3
8
.7
7
1
2
8
.5
0
1
2
8
.3
9
1
2
5
.8
9
8
7
.0
5
7
7
.2
5
7
7
.0
0
7
6
.7
5
7
1
.6
2
5
8
.7
6
3
3
.3
9
2
3
.0
6
-0
.0
4
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A.5. 1-benzylpyrrolidin-(3-2H1)-2-one 247 
1H
Frequency (MHz): 500.13
CHLOROFORM-d
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
2.001.111.991.985.28
7
.2
7
7
.2
6
7
.2
4
7
.2
2
7
.2
0
7
.1
9
7
.1
8
7
.1
6
4
.3
8
3
.2
0
3
.1
9
3
.1
7
2
.3
9
2
.3
7
2
.3
6
2
.3
4
2
.3
4
1
.9
5
1
.9
4
1
.9
2
1
.9
1
1
.8
9
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A.6. 1-benzyl-3-(phenylsulfanyl)pyrrolidin-2-one 250 
1H
CHLOROFORM-d
Frequency (MHz): 500.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
1.101.071.021.040.991.031.041.965.741.96
7
.6
0
7
.5
9
7
.5
8
7
.3
4
7
.3
3
7
.3
2
7
.3
2
7
.3
1
7
.2
9
7
.2
0
7
.1
9
4
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1
4
.4
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4
.4
3
4
.4
0
3
.9
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3
.9
1
3
.9
1
3
.8
9
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4
3
.1
3
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.1
0
3
.0
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9
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2
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2
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2
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9
2
.0
7
2
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6
2
.0
4
 
 
 
13C
Frequency (MHz): 125.76
CHLOROFORM-d
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)
1
3
5
.9
5
1
3
3
.2
8
1
3
2
.9
2
1
2
8
.9
5
1
2
8
.6
8
1
2
8
.1
3
1
2
7
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5
1
2
7
.6
5
7
7
.2
5
7
7
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0
7
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5
4
7
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4
7
.1
5
4
4
.4
6
2
6
.2
8
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A.7. (3R,7aS)-3-phenyl-6-(phenylsulfanyl)tetrahydro-3H,5H-pyrrolo[1,2-
c][1,3]oxazol-5-one 251 
1H
CHLOROFORM-d
Frequency (MHz): 500.13
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
1.001.000.990.990.950.950.825.231.751.71
7
.5
7
7
.5
6
7
.5
5
7
.4
4
7
.3
6
7
.3
4
7
.3
4
7
.3
3
7
.3
2
7
.2
6
6
.3
0
4
.2
9
4
.2
7
4
.2
5
4
.1
9
4
.1
8
4
.1
7
4
.1
6
4
.0
5
4
.0
4
3
.2
3
3
.2
2
3
.2
0
2
.8
5
2
.8
3
2
.8
2
2
.8
1
1
.9
7
1
.9
6
1
.9
5
1
.9
5
1
.9
4
1
.9
3
1
.9
3
1
.9
1
0
.0
0
4.0 3.5 3.0 2.5 2.0
Chemical Shift (ppm)
1.001.000.990.990.950.95
4
.2
9
4
.2
7
4
.2
5
4
.1
9
4
.1
8
4
.1
7
4
.1
6
4
.0
5
4
.0
4
3
.2
3
3
.2
2
3
.2
0
2
.8
5
2
.8
3
2
.8
2
2
.8
1
1
.9
7
1
.9
6
1
.9
5
1
.9
5
1
.9
4
1
.9
3
1
.9
3
 
 
13C
Frequency (MHz): 125.76
CHLOROFORM-d
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)
1
7
3
.7
2
1
3
3
.1
8
1
2
9
.1
1
1
2
8
.7
3
1
2
8
.4
7
1
2
8
.1
4
1
2
5
.9
6
8
7
.3
6
7
7
.2
5
7
7
.0
0
7
6
.7
5
7
2
.0
4
5
5
.8
8
5
1
.2
9
3
2
.1
5
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A.8. 1-benzyl-3-(phenylsulfinyl)pyrrolidin-2-one 249 
1H
CHLOROFORM-d
Frequency (MHz): 300.13
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
2.051.060.991.000.991.001.914.095.15
7
.6
7
7
.6
6
7
.6
4
7
.6
4
7
.4
7
7
.4
5
7
.2
7
7
.2
7
7
.2
6
7
.2
5
7
.0
4
7
.0
3
4
.4
8
4
.4
3
4
.2
9
4
.2
8
4
.2
8
4
.2
6
4
.2
5
4
.2
5
4
.1
3
4
.1
1
3
.8
9
3
.8
4
3
.0
2
2
.9
9
2
.9
8
2
.4
0
2
.2
6
2
.2
5
2
.2
4
2
.2
3
2
.2
2
2
.2
2
2
.2
1
2
.1
9
2
.0
4
1
.5
9
1
.2
8
1
.2
6
1
.2
5
1
.2
4
0
.0
0
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A.9. (3R,7aS)-3-phenyl-1,7a-dihydro-3H,5H-pyrrolo[1,2-c][1,3]oxazol-5-one 
66 
1H
CHLOROFORM-d
Frequency (MHz): 300.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
1.041.111.041.001.000.970.990.915.67
7
.5
4
7
.4
7
7
.4
6
7
.4
4
7
.4
4
7
.4
4
7
.3
6
7
.3
4
7
.3
4
7
.2
6
6
.3
4
4
.2
6
4
.2
4
4
.2
4
4
.2
2
4
.1
7
4
.1
5
4
.1
3
3
.5
2
3
.4
9
3
.4
7
2
.8
5
2
.8
2
2
.7
9
2
.7
6
2
.6
1
2
.6
0
2
.5
8
2
.5
6
2
.5
4
2
.5
1
2
.3
9
1
.9
8
1
.9
6
1
.9
5
1
.8
9
0
.0
0
 
 
13C
Frequency (MHz): 125.76
CHLOROFORM-d
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)
1
7
8
.0
9
1
3
8
.8
1
1
2
8
.5
4
1
2
8
.4
3
1
2
5
.9
2
8
7
.0
9
7
7
.2
9
7
7
.0
4
7
6
.7
8
7
1
.6
6
5
8
.7
9
3
3
.4
3
2
3
.1
0
0
.0
0
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A.10. (1aR,1bR,4R,6aR)-4-phenyltetrahydro-4H,6H-oxireno[3,4]pyrrolo[1,2-
c][1,3]oxazol-6-one 67 
1H
CHLOROFORM-d
Frequency (MHz): 500.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0 -0.5
Chemical Shift (ppm)
1.000.940.982.040.935.01
7
.3
9
7
.3
8
7
.3
7
7
.3
6
7
.3
4
7
.3
4
7
.3
3
7
.3
2
7
.2
6
6
.3
4
4
.2
6
4
.2
5
4
.2
3
4
.2
2
4
.2
0
4
.1
9
4
.0
6
4
.0
5
3
.8
1
3
.8
0
3
.5
7
3
.5
6
3
.5
4
0
.0
0
 
 
13C
Frequency (MHz): 125.76
CHLOROFORM-d
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)
1
7
4
.3
8
1
3
8
.0
4
1
2
8
.7
2
1
2
8
.4
8
1
2
5
.8
2
8
7
.9
0
7
7
.2
5
7
7
.0
0
7
6
.7
5
6
5
.5
8
5
9
.6
1
5
6
.8
8
5
3
.2
8
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A.11. (3R,7S,7aR)-7-hydroxy-3-phenyltetrahydro-3H,5H-pyrrolo[1,2-
c][1,3]oxazol-5-one 68 
1H
CHLOROFORM-d
Frequency (MHz): 400.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0 -0.5
Chemical Shift (ppm)
1.052.151.091.081.111.071.005.29
7
.4
4
7
.4
4
7
.4
2
7
.4
2
7
.3
9
7
.3
7
7
.3
5
7
.3
5
7
.2
6
6
.3
7
4
.4
8
4
.4
6
4
.4
5
4
.2
7
4
.2
5
4
.2
5
4
.2
3
4
.0
3
4
.0
1
4
.0
1
3
.7
0
3
.6
8
3
.6
7
3
.6
6
2
.9
3
2
.9
1
2
.8
9
2
.8
7
2
.8
7
2
.8
5
2
.1
6
2
.1
5
0
.0
0
 
 
13C
Frequency (MHz): 125.76
CHLOROFORM-d
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)
1
7
5
.9
8
1
3
7
.8
9
1
2
8
.7
1
1
2
8
.4
8
1
2
5
.9
1
8
7
.3
2
7
7
.2
6
7
7
.0
0
7
6
.7
5
7
0
.8
1
6
9
.3
0
6
6
.9
5
4
3
.3
3
-0
.0
4
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A.12. tert-butyl (3R,4R)-3-[(tert-butoxycarbonyl)oxy]-4-{[(tert-
butoxycarbonyl)oxy]methyl}pyrrolidine-1-carboxylate 270 
 
1H
CHLOROFORM-d
Frequency (MHz): 500.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
6.199.571.011.021.020.991.021.000.944.93
7
.4
3
7
.4
3
7
.4
2
7
.4
2
7
.4
1
7
.3
6
7
.3
6
7
.3
5
6
.3
7
4
.3
7
4
.3
7
4
.3
6
4
.2
2
4
.2
0
4
.2
0
4
.1
9
3
.9
9
3
.9
8
3
.7
1
3
.7
0
3
.6
9
3
.6
8
2
.8
6
2
.8
3
2
.8
1
2
.7
9
2
.7
7
2
.7
6
2
.7
4
0
.8
8
0
.0
8
0
.0
7
0
.0
0
4.5 4.0 3.5 3.0 2.5
Chemical Shift (ppm)
1.011.021.020.991.021.00
4
.3
7
4
.3
7
4
.3
6
4
.3
5
4
.3
4
4
.2
2
4
.2
0
4
.2
0
4
.1
9
4
.0
0
3
.9
9
3
.9
9
3
.9
8
3
.9
8
3
.9
7
3
.7
1
3
.7
0
3
.6
9
3
.6
8
2
.8
6
2
.8
4
2
.8
3
2
.8
1
2
.7
9
2
.7
7
2
.7
6
2
.7
4
 
  
13C
CHLOROFORM-d
Frequency (MHz): 125.76
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)
1
7
5
.3
0
1
3
8
.0
3
1
2
8
.5
8
1
2
8
.4
3
1
2
5
.9
9
8
7
.1
7
7
7
.2
5
7
7
.0
0
7
6
.7
5
7
2
.6
7
6
9
.6
2
6
7
.1
6
4
3
.9
9
2
5
.6
2
1
7
.8
9
-4
.7
5
-4
.9
3
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A.13. (3R,7S,7aR)-7-(benzyloxy)-3-phenyltetrahydro-3H,5H-pyrrolo[1,2-
c][1,3]oxazol-5-one 271 
 
1H
CHLOROFORM-d
Frequency (MHz): 400.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
2.101.073.361.041.051.0011.25
7
.4
0
7
.3
8
7
.3
6
7
.3
6
7
.3
5
7
.3
4
7
.3
4
7
.3
2
6
.3
4
4
.5
8
4
.5
5
4
.5
0
4
.4
7
4
.1
6
4
.1
4
4
.1
3
4
.1
2
4
.1
1
4
.1
0
4
.0
9
3
.6
0
3
.5
8
3
.5
8
3
.5
6
2
.9
2
2
.9
0
2
.8
9
2
.8
7
2
.8
4
 
 
13C
CHLOROFORM-d
Frequency (MHz): 100.61
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)
1
7
5
.0
6
1
3
8
.0
3
1
3
6
.9
0
1
2
8
.6
7
1
2
8
.4
6
1
2
8
.2
7
1
2
7
.8
2
1
2
5
.9
6
8
7
.1
0
7
7
.6
9
7
7
.3
2
7
7
.2
0
7
7
.0
0
7
6
.6
8
7
2
.0
5
6
9
.7
7
6
5
.0
6
4
1
.1
2
-0
.0
2
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A.14. 1-benzyl-2-phenylpyrrolidine 287 
1H
Frequency (MHz): 400.13
CHLOROFORM-d
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
2.070.972.011.001.000.980.9811.17
7
.4
8
7
.4
6
7
.3
6
7
.3
4
7
.3
2
7
.2
9
7
.2
8
7
.2
5
7
.2
5
7
.2
0
3
.8
6
3
.8
3
3
.3
8
3
.3
6
3
.3
4
3
.1
1
3
.1
0
3
.0
9
3
.0
7
3
.0
7
3
.0
4
3
.0
1
2
.2
1
2
.1
9
2
.1
9
2
.1
7
1
.7
7
1
.7
7
1
.7
6
1
.7
4
1
.7
2
1
.7
0
0
.0
0
 
 
13C
Frequency (MHz): 100.61
CHLOROFORM-d
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)
1
4
3
.9
3
1
3
9
.7
9
1
2
8
.6
5
1
2
8
.4
0
1
2
8
.0
6
1
2
7
.5
4
1
2
6
.9
5
1
2
6
.6
3
7
7
.3
2
7
7
.0
0
7
6
.6
8
6
9
.6
1
5
8
.1
2
5
3
.3
3
3
5
.2
4
2
2
.3
4
 
 228 
 
A.15. (2R,3S)-1-benzyl-2-(hydroxymethyl)pyrrolidin-3-ol 311 
1H
CHLOROFORM-d
Frequency (MHz): 500.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
1.481.172.011.000.971.700.960.895.97
0
.0
0
1
.6
8
1
.6
9
1
.7
0
1
.7
0
1
.7
1
1
.9
6
2
.0
4
2
.5
9
2
.6
1
2
.6
1
2
.6
2
2
.6
2
2
.6
3
2
.6
4
2
.9
4
2
.9
5
2
.9
6
3
.4
8
3
.5
1
3
.6
2
3
.6
3
3
.6
3
3
.9
4
3
.9
6
4
.3
2
4
.3
2
4
.3
3
7
.2
8
7
.2
8
7
.2
9
7
.3
0
7
.3
0
7
.3
1
7
.3
2
7
.3
2
 
 
13C
Frequency (MHz): 125.76
CHLOROFORM-d
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)
1
3
8
.8
8
1
2
8
.7
1
1
2
8
.4
2
1
2
7
.2
3
7
7
.2
8
7
7
.0
2
7
6
.7
7
7
5
.3
2
7
3
.5
0
6
0
.5
8
5
8
.7
1
5
1
.9
8
3
4
.0
7
0
.0
0
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Appendix D. Synthesis of 4-(hydroxymethyl)pyrrolidines 
B.1. Ethyl N-(2-ethoxy-2-oxoethyl)-β-alaninate 327  
1H
CHLOROFORM-d
Frequency (MHz): 300.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0 -0.5
Chemical Shift (ppm)
3.091.011.001.002.02
7
.2
7
4
.2
3
4
.2
0
4
.1
9
4
.1
8
4
.1
6
4
.1
6
4
.1
4
4
.1
2
3
.4
1
2
.9
3
2
.9
0
2
.8
8
2
.5
3
2
.5
1
2
.4
8
2
.0
4
1
.8
2
1
.3
0
1
.2
9
1
.2
8
1
.2
6
1
.2
5
1
.2
4
0
.0
0
 
 
13C
Frequency (MHz): 75.47
CHLOROFORM-d
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)
1
7
2
.4
0
1
7
2
.2
3
7
7
.4
2
7
7
.0
0
7
6
.5
8
6
0
.7
3
6
0
.4
5
5
0
.8
9
4
4
.7
8
3
4
.9
0
1
4
.1
8
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B.2. Ethyl N-benzyl-N-(2-ethoxy-2-oxoethyl)-β-alaninate 102 
 
1H
CHLOROFORM-d
Frequency (MHz): 500.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
6.232.002.002.012.024.025.56
7
.3
1
7
.3
0
7
.3
0
7
.2
8
7
.2
6
7
.2
5
7
.2
5
7
.2
4
4
.1
7
4
.1
6
4
.1
5
4
.1
4
4
.1
4
4
.1
3
4
.1
2
4
.1
1
3
.8
2
3
.3
3
3
.3
2
3
.0
7
3
.0
5
3
.0
4
2
.5
1
2
.4
9
2
.4
8
1
.2
8
1
.2
6
1
.2
6
1
.2
5
1
.2
4
1
.2
3
  
 
13C
Frequency (MHz): 125.76
CHLOROFORM-d
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)
1
7
2
.4
5
1
7
1
.3
1
1
3
8
.8
1
1
2
8
.8
3
1
2
8
.2
7
1
2
7
.1
4
7
7
.2
5
7
7
.0
0
7
6
.7
5
6
0
.3
5
6
0
.2
3
5
7
.7
8
5
3
.9
1
4
9
.7
0
3
3
.5
8
1
4
.2
7
1
4
.2
0
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B.3. Ethyl 1-benzyl-4-oxopyrrolidine-3-carboxylate 103 
1H
CHLOROFORM-d
Frequency (MHz): 400.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
2.990.991.001.010.990.960.981.131.945.99
7
.3
4
7
.3
4
7
.3
3
7
.3
2
7
.3
1
7
.3
0
7
.3
0
7
.2
6
4
.2
4
4
.2
2
4
.2
2
4
.2
0
4
.1
9
3
.7
5
3
.7
4
3
.4
6
3
.4
4
3
.3
8
3
.3
5
3
.3
0
3
.2
5
3
.1
1
3
.0
9
3
.0
7
2
.9
3
2
.8
9
1
.3
1
1
.2
9
1
.2
7
3.5 3.4 3.3 3.2 3.1 3.0 2.9 2.8
Chemical Shift (ppm)
0.991.001.010.990.96
3
.4
8
3
.4
6
3
.4
4
3
.3
8
3
.3
5
3
.3
3
3
.3
0
3
.2
5
3
.1
1
3
.0
9
3
.0
7
2
.9
3
2
.8
9
 
 
13C
CHLOROFORM-d
Frequency (MHz): 100.61
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
Chemical Shift (ppm)
2
0
6
.4
9
1
6
7
.3
9
1
3
7
.0
7
1
2
8
.7
1
1
2
8
.5
0
1
2
7
.5
3
7
7
.3
2
7
7
.2
0
7
7
.0
0
7
6
.6
8
6
1
.6
7
6
1
.1
1
6
0
.1
8
5
4
.6
3
5
4
.1
3
1
4
.1
4
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B.4. 1-benzyl-4-hydroxy-1H-pyrrole-3-carboxylate 339 
1H
CHLOROFORM-d
Frequency (MHz): 500.13
9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)
3.000.362.001.820.920.941.860.612.25
7
.3
1
7
.3
0
7
.2
8
7
.2
4
7
.2
3
7
.0
4
7
.0
2
6
.6
7
6
.6
6
5
.8
3
5
.8
3
5
.3
0
4
.2
8
4
.2
6
4
.2
5
4
.2
3
1
.5
5
1
.2
3
1
.2
2
1
.2
0
0
.0
0
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B.5. Ethyl rel-(3R,4R)-1-benzyl-4-hydroxypyrrolidine-3-carboxylate (±)-356  
 
1H
CHLOROFORM-d
Frequency (MHz): 400.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
3.231.000.960.840.921.012.302.041.006.62
7
.3
3
7
.3
2
7
.2
8
7
.2
7
7
.2
6
7
.2
5
4
.5
3
4
.5
1
4
.2
2
4
.2
1
4
.1
9
4
.1
7
3
.7
3
3
.7
0
3
.6
8
3
.6
5
3
.1
5
3
.1
3
3
.1
3
3
.0
7
3
.0
5
2
.8
8
2
.8
7
2
.7
7
2
.7
5
2
.6
6
2
.6
5
1
.3
0
1
.2
8
1
.2
7
3.2 3.1 3.0 2.9 2.8 2.7 2.6
Chemical Shift (ppm)
1.000.960.840.921.01
3
.1
7
3
.1
5
3
.1
3
3
.1
3
3
.1
1
3
.0
7
3
.0
5
3
.0
3
2
.9
1
2
.8
9
2
.8
8
2
.8
7
2
.7
7
2
.7
5
2
.7
3
2
.6
6
2
.6
5
2
.6
3
2
.6
3
 
13C
CHLOROFORM-d
Frequency (MHz): 100.61
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B.6. Ethyl rel-(3R,4S)-1-benzyl-4-hydroxypyrrolidine-3-carboxylate (±)-175  
1H
CHLOROFORM-d
Frequency (MHz): 400.13
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
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B.7. Ethyl (3R,4S)-4-(acetyloxy)-1-benzylpyrrolidine-3-carboxylate (-)-176 
1H
CHLOROFORM-d
Frequency (MHz): 400.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
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B.8. Ethyl (3S,4R)-1-benzyl-4-hydroxypyrrolidine-3-carboxylate (+)-175 
 
1H
CHLOROFORM-d
Frequency (MHz): 400.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
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B.9. (3R,4R)-1-Benzyl-4-(hydroxymethyl)pyrrolidin-3-ol (+)-177 
 
1H
METHANOL-d4
Frequency (MHz): 400.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0 -0.5
Chemical Shift (ppm)
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B.10. tert-Butyl (3R,4R)-3-hydroxy-4-(hydroxymethyl)pyrrolidine-1-
carboxylate (+)-182 
1H
CHLOROFORM-d
Frequency (MHz): 500.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
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B.11. tert-butyl (3R,4R)-3-[(tert-butoxycarbonyl)oxy]-4-pyrrolidine-1-
carboxylate (+)-368 
1H
CHLOROFORM-d
Frequency (MHz): 400.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
9.4818.111.021.041.041.041.012.001.00
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B.12. (3R,4R)-4-(Hydroxymethyl)pyrrolidin-3-ol hydrochloride (+)-59 
1H
DEUTERIUM OXIDE
Frequency (MHz): 400.13
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
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B.13. (3R,4R)-4-(hydroxymethyl)-1-[(1H-imidazol-2-yl)methyl]pyrrolidin-3-
ol (+)-394 
1H
METHANOL-d4
Frequency (MHz): 400.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
1.031.021.001.001.001.001.040.950.991.022.00
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B.14. (3R,4R)-4-(hydroxymethyl)-1-[(1H-imidazol-4-yl)methyl]pyrrolidin-3-
ol (+)-395  
1H
METHANOL-d4
Frequency (MHz): 400.13
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
0.961.000.940.920.970.973.031.041.031.06
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B.15. (3R,4R)-4-(hydroxymethyl)-1-[(pyridin-2-yl)methyl]pyrrolidin-3-ol (+)-
391  
1H
DEUTERIUM OXIDE
Frequency (MHz): 400.13
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
1.001.050.971.071.030.982.081.010.960.970.961.88
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B.16. (3R,4R)-4-(hydroxymethyl)-1-[(pyridin-3-yl)methyl]pyrrolidin-3-ol (+)-
392  
1H
METHANOL-d4
Frequency (MHz): 400.13
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
0.980.950.970.990.931.001.080.950.990.971.041.021.000.95
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B.17. (3R,4R)-4-(hydroxymethyl)-1-[(pyridin-4-yl)methyl]pyrrolidin-3-ol (+)-
393   
1H
METHANOL-d4
Frequency (MHz): 400.13
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
1.011.000.981.000.971.022.080.990.981.951.95
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Appendix E. Biochemical assay 
C.1. Biochemical assay 1 
C.1.1. AAG standard curves 
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C.1.2. Dose-response curve positive control εC-containing oligonucleotide 
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C.1.3. Dose-response curves inhibitor candidates 
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C.1.4. % Inhibition comparison of the different inhibitor candidates analysed 
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C.2. Biochemical assay 2 
C.2.1. AAG standard curve 
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C.2.2. Dose-response curve positive control εC-containing oligonucleotide 
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C.2.3. Dose-response curve positive control morin 
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C.2.4. Dose-response curve 4-imidazole inhibitor candidate  
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